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ABSTRACT 
An investigation of a system for optical acquisition and 
tracking i s  described. Par t  I of the report  is concerned 
with the experimental development of the key component 
of the system, a l a se r  beam s t ee re r  which uses piezo- 
electrically driven mir rors .  Consideration is given to  
maximum attainable r e  solution, frequency response , 
hysteresis ,  thermal  and aging effects, and unwanted 
modes of deflection. 
theoretical aspects of the system. This section d is -  
cusses  types of scan modes, range calculations, and 
noise analysis including combined effects of atmospheric 
and shot noise. Also described a r e  resul ts  of a one 
dimensional tracking system incorporating shear plate 
deflectors. 
P a r t  11 deals mainly with the 
PRE F-ACE 
The w-ork being repor ted  h e r e  i s  a continuation of r e s e a r c h  previously 
repor ted  in  the F ina l  Repor t  on Contract KXS\v-731 , "Investigation of 
E lec t ro -op t i c  Techniques f o r  Controlling the Direction of a L a s e r  B e a m , "  
i ssued  10  August 1964 by the Genera l  Telephone 6r Elec t ronics  Labora to r i e s  , 
Bayside ,  Ne\\. York. That previous p rogram included the design,  develop- 
men t ,  and evaluation of a number  of e lectro-opt ic  \ -ar iable  re f rac t ion  de-  
f l e c t o r s  and p iezoe lec t r ic  shea r  -plate m i r r o r  def lectors .  
s t r u c t u r e s  have inherent  capabi l i t ies  for ex t remely  rapid deflection, although 
high-speed operat ion \\.as not an  objective of that p rog ram.  
that p rec is ion  deflection i s  feasible  but difficult, requir ing t empera tu re  
s tabi l izat ion and high field cor rec t ion .  
-411 of these  
I t  was concluded 
The  object ives  of the p re sen t  p rogram \ Y e r e :  
1. To develop and evaluate a bench t e s t  model  of a one-dimensional  
beam deflection and t racking and acquisit ion s y s t e m ,  using de-  
f l ec to r s  developed in  the previous program.  
2 .  To design an exper imenta l  model  of a n  open-loop acquisit ion 
s y s t e m  using a tn.o-dimensiona1 high-speed def lector .  
3 .  To es tab l i sh  physical l imitations for  achieving high-precis ion 
deflection fo r  acquisit ion and t racking  applications.  
4. T o  es tab l i sh  design,  fabr icat ion,  and t e s t  p rocedures  for  high- 
speed prec is ion  def lec tors ,  
5. To  develop block d i ag rams  for subs)-stems f o r  sensing b e a m  
di rec t ion  e r r o r s  and for processing e r r o r  s ignals  as requi red  
fo r  typical  application s . 
6. T o  de te rmine  the effects of modulation and noise  on the prec is ion  
of acquis i t ion and t racking.  
P a r t  I of th i s  r e p o r t  cove r s  \\.ark on the theore t ica l  and exper imenta l  i nves -  
t igation of the def lector  devices ,  performed at  Gene ra l  Telephone 8, E l e c -  
t r o n i c s  L a b o r a t o r i e s ,  Bays ide ,  Re\\- York by V. Foxvler and J .  Schlafer .  
Part I1 c o v e r s  Lvork on the theoret ical  and exper imenta l  investigation o i  
op t ica l  acquis i t ion s y s t e m s  using beam def lec tors ,  pe r fo rmed  a t  Syl\-ania 
E lec t ron ic  Sys t ems ,  C e n t r a l ,  Wil l iamsvi l le ,  Ke\v York b>- S. Kapuscienski  , 
R .  Johnson ,  and P. M-eiss. 
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P A R T  ONE 
DEFLECTOR DEVICES 
1. INTRODUCTION 
In the previous program under Contract NASw-731 it was determined 
that electro-optic re f rac tors  and shear -plate m i r r o r  ref lectors  could be 
designed to achieve deflection angles of approximately one degree for  light 
beams with a minimum half-intensity beam angle of about 0.01 degree. 
These devices have the inherent capability for achieving deflection ra tes  
in excess  of 1 0  k c / s ,  and they can be made to have relatively low light loss  
in spite of the use of large numbers of interfaces o r  m i r r o r s .  It was found 
that both the refractors  and the reflectors required relatively large amounts 
of electrostatic energy to achieve maximum deflection, and the amount of 
energy is  about the same for the two devices. The refractor ,  however, can 
be made to operate with much lower deflection signal voltages. The large 
energy requirements make it impractical  to  use these devices with wideband 
deflection signals extending into the tens of kilocycles per  second. F o r  
s t ruc tures  using narrow-band deflection signals, however the power r e -  
quired can be reasonably low even at very high frequencies, extending up 
to about 100 kc /s .  
field can be achieved by using saw-tooth modulated quadrature sinusoidal 
signals on tandem horizontal and vertical  deflectors to t r ace  out a sp i ra l  scan. 
It was concluded that rapid scanning of a two-dimensional 
Precis ion deflection with these devices appeared to be feasible but difficult. 
It was evident that the temperature  of the active elements (electro-optic 
crystals  or  piezoelectric ceramics)  must be maintained constant to within 
a fraction of a degree,  and that means would have to be found to compensate 
or  cor rec t  for the ncnlinear deflection experienced at high f i e lds .  Piezo- 
e lectr ic  ceramics  may pose special  difficulties because these mater ia ls  
have character is t ics  that change slowly with the age of the material as the 
resul t  of spontaneous depolarization. 
threshold. 
Fur thermore ,  these materials are 
1 -  
S U U J e C i  LO partial d e j 3 O l Z r i Z Z t i G i i  *Eheil t h e  app?iec! VSlt2.ge exceeds Et Certain 
In the present  program the resu l t s  obtained previously have been extended 
to the development of deflector devices for a two-dimensional acquisition 
sys tem for optical tracking of space vehicles f rom the launch pad. This 
work has  involved a close examination of the character is t ics  and behavior 
of previously developed devices to fe r re t  out weaknesses and limitations 
in the previous designs and to devise effective means for overcoming any 
such faults. The outcome of this effort has been the development of an  
improved deflector device, called the ruggedized shear  plate deflector, 
which is described in  Section 4.2. 
in the development of this device will l ead  to deflectors suitable for the 
intended application. 
It appears that the design approach used 
1 
, 
t 
BEAM W 
I 
Fig .  1 - 1. Cumulative deflection device. 
2.  CHOI%E O F  DEVELOPMENTAL MODEL 
Each of the two types of beam deflectors experimentally tested under 
In this 
the previous contract ,  the electro-optic and piezoelectric driven m i r r o r  , 
has qualities that make i ts  use advantageous in certain applications. 
section the character is t ics  of each type a r e  considered in the light of the 
present system requirements.  
suited for further development. 
These dictate the choice of a model best  
2 . 1  THEORETICAL RESOLUTION LIMITATIONS 
The resolution limitations of the above-mentioned devices and simi- 
lar cumulative deflection devices a r e  readily determined f r o m  the following 
analysis. The deflector is represented in F i g .  1-1 by a rectangular bar  of 
length L and width W , which provides a maximum deflection per  unit 
length in  response to the maximum deflection signal voltage applied 
to the device. A collimated l a se r  beam of width w is passed lengthwise 
through the s t ructure  in the 
a s  shown by the solid l ines ,  f rom i t s  zero-voltage position, indicated by 
the dashed lines. F o r  a given value of W and a given maximum value of 
K,  we shall find the values for  w and L which maximize the deflection 
resolution N ,  defined by 
K 
z direction and is gradually deflected upward, 
where V ( Z )  i s  the cumulative deflection angle obtained in  passing a distance 
z through the s t ructure ,  and 8, is the half-intensity beam angle, given by 
2 
8, = xo/w 
where A, is  the light wavelength. 
The factor two appears in Eq. (1. I ) ,  because the beam can be deflected both 
upward and downward, using positive and negative deflection signal voltages. 
Thus, 
tained by the deflected beam. 
By definition of K,  we have: 
N represents  the maximum number of distinct beam positions at-  
dp/dz = K. 
But the deflection angle itself i s  
(1.4) 
-1 cp = tan (x/z) Y X / Z  
for small angles. 
conditions q ( 0 )  = x(0) = 0,  corresponding to tne cenier r a y  ul' ilie beam, 
yie Id s 
Integration of Eqs. (1. 3) and (1.4), subject t o  the boundary 
and 
X ( Z )  = 2Kz2.  1 
For  a given structure length L, the resolution is maximized by making w 
just  large enough so that the deflected beam grazes  the upper corner of the 
structure.  F o r  this to happen, 
Substitution of Eq. (1 .7 )  into Eq. (1.6) leads to the following formula for w: 
Combining Eqs. (1. 81, (1. 5), (1. Z), and (1. I ) ,  we obtain the following 
formula for  N ,  corresponding to this optimum value of w: 
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N = 2KL(Mr-KL2)/X0. 
Application of calculus reveals that this fcrmula has  a maximum for  
L = ( W /  3K)'. (collimated light) 
The value of this maximum is  
= (16 KW/27)'W/Xo (collimated light) max N 
(1.9)  
(1.10) 
(1.11) 
where 
s t ructure .  
KW, i t  w i l l  be noted, i s  the deflection per square section of the 
A somewhat more complicated analysis shows that slightly more resolution 
i s  obtained by passing converging light through the s t ructure ,  making the 
input beam diameter equal to W ,  and arranging again that the output beam 
just  grazes  the upper corner of the structure.  This provides an improve- 
ment by a factor o f f i  s o  that for this case 
1 
= (32 KW/27)2W/Ao (converging light) max N (1.12)  
L = ( 2  W/3K)&. (converging light) (1.13) 
Figure 1 - 2  is a plot of Eqs. (1 .12)  and (1.13) which shows how large 
and 
value of the parameter  KW. The largest  value of KW that can be achieved 
in a cumuiaiive defkct ian d e v i c e  suitable for operation a t  2000 scans/  second 
is about 0.1 degree,  obtained with piezoelectrically driven m i r r o r s  in  the 
shear  plate configuration. 
here ,  where very high scan speeds a r e  not necessary ,  this kind of deflector 
offers a distinct advantage over the electro-optic type with i t s  higher f re -  
quency but lower deflection capability. 
W 
L must become to achieve a given resolution N with a given maximum 
In the type of tracking sys tem under consideration 
2.2 COMPARISON O F  OTHER CHARACTERISTICS 
A number of scan modes a re  considered in P a r t  Two of this repor t ,  
Two of them, the saw tooth scan and the triangular scan,  require  a deflector 
frequency response adequate to reproduce a few significant harmonics be- 
yond the fundamental drive frequency. 
herently capable of operation into the megacycle per second region, while 
a fundamental response limitation on the shear plate m i r r o r  unit i s  the 
f i r s t  acoustic resonant frequency of the piezoelectric cube and m i r r o r  
The electro-optic deflector is in- 
5 
assembly, about 100 kc/  s. 
limited to the low audio range it would seem that frequency response r e -  
quirements pose no limitations on either type of reflector.  
Since fundamental scanning frequencies will be 
As far as precision of deflection and stability with temperature are con- 
cerned, both the electro-optic and shear  plate m i r r o r  deflectors share  the 
disadvantage of having highly temperature- sensitive active elements. In 
addition, the piezoelectric shear  plate is subject to an  aging process  in 
which a change in  character is t ics  slowly takes place due to spontaneous 
depolarization. 
ment of deflection, described in  a la ter  section, which should render these 
drawbacks less severe.  
There is ,  however, a technique of polarization measure-  
Since the tracking system does not require the deflector to be in continuous 
use,  and since the process of aging is very slow under normal  temperature  
and electric field conditions, the deflector should remain stable over short  
periods , maintaining its accuracy with periodic calibrations. Thus, based 
on the foregoing resolution consideration, the shear  plate m i r r o r  -type de- 
flector is a good choice for further development. 
In addition to meeting the basic requirements,  the shear  plate model has  
a n  additional characterist ic which makes it more  attractive. As will be 
discussed la ter ,  it is amenable to slight design modifications which wi l l  
allow lower drive voltages, and consequently ease requirements on the 
scan amplifiers. 
F o r  these reasons the development program w a s  concentrated almost ex- 
clusively on the shear plate m i r r o r  deflector. 
3 .  CHARACTERISTICS O F  EXPERIMENTAL DEFLECTORS 
This section deals with the character is t ics  of shear  plate deflectors 
using the piezoelectric ceramic  PZT-4. 
and explained, and the techniques used to measure  and overcome them a r e  
set  forth. 
The different effects a r e  described 
3.1 HYSTERESIS 
3.1.1 Effect of Hysteresis on Precis ion of Deflection 
The phenomenon of hysteresis  is common to all fe r roe lec t r ic  ma-  
ter ia ls .  
the mater ia l  and exhibits itself as the familiar hys te res i s  loop when polari- 
zation is plotted against e lectr ic  field. When these mater ia l s  a r e  used in a 
deflector such as the electro-optic (KDP) o r  the piezoelectric (PZT)  model, 
the deflection also becomes a double-valued function of the applied voltage. 
Hysteresis ,  too, i s  inherently accompanied by an  energy loss causing an 
internal temperature r i s e  and an attendant change in  the mater ia l  charac-  
ter is t ics .  
The mechanism is  the switching of domains of polarization within 
6 
t 
A t es t  was made by deflecting a laser beam ac ross  a slit in front of a 
multiplier phototube with the output of the phototube connected to the y- 
input of an oscilloscope and the deflection signal connected to the x-input. 
Two pulses were produced per cycle of the deflection signal: one with the 
beam scanning past to the right, and one with it scanning back to the left. 
Fo r  small  scan angles, these two pulses were coincident on the oscilloscope, 
but they parted by an amount corresponding to more  than one beam diameter 
a t  high signal levels. 
of deflectors, and both display the hysteresis characterist ic of all nonlinear 
ferroelectr ics ,  This effect is a more serious fault than simple nonlinearity, 
since the departure f rom linearity is not a single-valued function of the de- 
flection voltage but instead depends upon the past history of the ferroelectr ic  
mat e rial. 
Tests  of this so r t  have been performed on both types 
3. 1. 2 Polarization Measurement of Deflection 
It appears that there  i s  a way to overcome this difficulty through 
use of polarization a s  a measure of deflection rather  than voltage. I t  is  
likely that the deflection angle versus polarization is not a hysteresis  curve,  
and i t  may even be quite linear. In the case of electro-optic re f rac tors ,  i t  
i s  known that the polarization vector P and the electro-optic constant r b 3  
both have precisely the same temperature dependence (both following the 
Curie-Weiss law). This removes the problem of temperature control, for 
if polarization is used a s  a measure of deflection that measure will be cor -  
rec t  even i f  the temperature changes. 
ence of P and r63 a r e  the same lends some credence to the supposition 
that these quantities have the same 3ysteresis  curves. 
The fact that the temperature  depend- 
To implement this,  use is made of the fact that the charge on the electrodes 
of the deflector i s  indicative of the instantaneous polarization of the material .  
This charge may be measured by monitoring the voltage ac ross  a capacitor 
in se r i e s  with the deflector. 
stantaneous dielectric constant 
Actually the charge i s  proportional to the in- 
where 
in which P i s  the dipole polarization per unit volume and E the electric 
field. 
f r e e  space may be neglected. 
HoGever, in most ferroelectr ics  \e >) 1 and the susceptibility of 
This technique has  been verified experimentally using the method previously 
described of deflecting past a slit in a detector. 
to merge  for a l l  positions of the slit along the scan line when the voltage 
axis  measured polarization-derived voltage. 
was used in paral le l  with the ser ies  capacitor. The value of the R C  time 
constant was a function of frequency, tending to increase with frequency. 
The two pulses were made 
To account fo r  losses a res i s tor  
7 
t 
Experimental resul ts  on the effects of temperature on polarization measure-  
ment will be covered in section 3 . 3 .  2 .  
3 .2  RESONANCE EFFECTS 
3.  2 . 1  Pulsed Operation 
An in i t ia l  investigation of the acoustic resonance character is t ics  of 
the different deflectors was  car r ied  out with high-voltage microsecond pulses. 
Pulses up to 30 kV were supplied from- a magnctror; hard-tube i i i oduk tu r  
of about a megawatt peak power rating. 
Pulsed operation of one of the electro-optic deflectors with hyperbolic elec- 
trodes was obtained. 
ter is t ic  of the pulsed response of this device. 
passing the pulse-deflected beam through a narrow slit into a wideband 
multiplier phototube and observing the output signal on an oscilloscope. 
The phototube was mounted on a rail so that it could be moved to various 
positions of the deflected beam. The deflection sensitivity appears  to  be 
about the same as that for low-frequency operation. Transient ringing was 
observed by placing the phototube near  the edge  of tk undeflected beam so 
that even low-level deflection would change the amount of light intercepted 
by the phototube. The transient signal observed consisted of about 1 0  cycles 
at a frequency of about 1 2 5  kc / s .  Oscilloscope t r aces  of the beam response 
a r e  shown in  Fig.  1 - 3  for various positions of the phototube. I t  can be seen 
that the initial deflection (lower t race)  follows the applied pulse (upper t r ace )  
quite well. 
Results indicate that ringing is not a dominant charac-  
Tes ts  were performed by 
Pulses were applied to one of the shear-plate m i r r o r  deflectors,  and i t  w a s  
found that a n  oscillatory transient deflection occurred with a ringing f re-  
quency of about 200 kc/s .  The deflection sensitivity was about equal to the 
low-frequency value. 
the lowest acoustic shear-wave resonance, obtained by dividing the shear  - 
wave sound velocity by twice the maximum dimension of the shear-plate 
and m i r r o r  subassembly. Figure 1-4 shows the response of this deflector 
in the same manner a s  above. 
r i s e  of the pulse as before and ringing is  s t ronger  and more  persistent.  
3. 2.  2 
The ringing frequency agreed with rough est imates  of 
Deflection here  does not follow the initial 
Structural  Acoustic Resonance 
When one of the original shear  plate deflectors was operated in  s e r i e s  
resonance v-ith an  inductance bank in the frequency range of 1 to 10 k c / s ,  
i t  was noted that a t  certain frequencies the device would deflect in  two 
directions where only one was intended. 
beam was a lissajous figure a t  these frequencies,  becoming an ell ipse near  
6 kc / s .  Some of the other frequencies were  approximate submultiples of 
6 kc / s .  A plausible explanation for  this is that the s t ruc ture  supporting the 
shear  plate mi r ro r s  has  a major acoustic resonance at about 6 k c / s  and 
this resonance is excited by the sound generated by the piezoelectric cubes. 
The pattern formed by the deflected 
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F i g .  1-3. Pulsed response of electro-optic deflector. 
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F i g .  1-4. Pulsed response of shear  plate m i r r o r  deflector. 
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Fig. 1-5. Initial design of shear plate deflector, modei S P M - i A ,  wiiii 
unit cell. 
The motion of the mi r ro r s  associated with this resonance i s  orthogonal to 
the direction of normal deflection. 
motion upon the normal  motion accounts for the two-dimensional pattern. 
Present  a lso were resonances of the same origin which caused anomalous 
motion in the direction of deflection. Polarization in these instances was 
no longer indicative of deflection, and the onset of a resonance could be 
easily predicted. 
The superposition of this spurious 
This particular embodiment of the shear plate deflector is quite susceptible 
to mechanical resonances. 
the cubes a r e  IrL1f shaped pieces of plastic which provide little mechanical 
rigidity. 
operations,  making it difficult to hold mechanical tolerances. 
As  Fig. 1 - 5  shows, the members  supporting 
These pieces a r e  also subject to plastic flow during maching 
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3.3  TEMPERATURE AND AGING EFFECTS 
L 
D I G I T A L  
VOLTMETER 
- P E A K  
DETECTOR 
. .  
It i s  known f r o m  data supplied by the manufacturer that poled piezo- 
electric materials have deterioration character is t ics  that a r e  functions of 
temperature and t ime af te r  poling. 
constant, dielectric constant and dielectric dissipation with age and ambient 
temperature will have on deflector performance must be determined before 
operating conditions and system performance can be quoted. Accordingly, 
a tes t  facility has been constructed where information on deflection sensi-  
tivity with age can be gathered in a consistent and repeatable fashion for  
all models. 
high-temperature conditions and to a s s e s s  the effect of controlled-tempera- 
ture  gradients. 
ment of polarization is a t rue  indication of deflection. 
What effect changes in  piezoelectric 
An oven is available to check performance under extended 
These tes t s  will a lso determine to what extent the measure-  
3. 3.1 Precision Deflection Measurements 
The arrangement of equipment used for accurate determination of 
deflection and polarization under various conditions is  given in Fig. 1-6 in 
block form and a s  a photograph in  F i g .  1-7. The signal supplied by the 
S T E P - U P  A M P L I F I E R  
AUDIO 
OSCl  LLATOR 
SUPPLY Y 
F i g .  1-6 .  Block d i a g r a m  of experimental  equipment showing polarization 
measuring circuit .  
1 2  
t 
?ig. 1-7.  Experimental setup for deflection and polarization measurements.  
audio oscillator is amplified and put through a transformer to step up the 
voltage to about 5 kV peak from 30 to  1500 c / s .  
aeIiector is series r z s ~ z z t e c !  with an inductor to obtain high-voltage opera- 
tion. This voltage i s  applied to the deflector in se r ies  with the polarization 
sampling circuit and a dc source. 
capacitor i s  peak detected and read on a digital voltmeter. 
signal i s  also used to drive the horizontal axis of an oscilloscope. 
At higher frequencies the 
* .-. 
The signal on the polarization sampling 
This same 
Light deflected past a slit in the phototube is detected and applied to the 
vertical  of the oscilloscope, directly into channel 1 and through a differen- 
t iator into channel 2. The traces during deflection appear a s  in part (a) of 
Fig. 1-8. A pulse of light occurs in the top t race a s  the beam crosses  the 
sl i t  (much smaller than the beam diameter). The lower t race,  a differen- 
tiation of the upper one, consists of two curves which cross  a t  the zero-  
slope point of the upper pulse. This corresponds to the center of the slit. 
To obtain a set  of points of deflection versus polarization, the zero point for 
no deflection is determined by applying a small  ac  voltage to the deflector 
such that the beam scans about half a beam diameter. The phototube i s  
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Fig .  1-8. Oscilloscope t races  obtained during deflection measurements.  
moved along a r a i l  perpendicular to the beam until the skir ts  of the pulse 
on the oscilloscope are even. 
tube i s  moved in  increments perpendicular to the beam with a set  of blocks 
cut in steps of one tenth of an inch. After insertion of a block, the voltage 
(and deflection) a r e  increased until a pattern as in Fig. 1-8a appears.  By 
adjusting the horizontal positioning of the oscilloscope, one of the ver t ical  
lines of the graticule can be made to l ie directly on the intersection in the 
lower trace.  If  the voltage i s  now decreased to the point a t  which the edge 
of the upper pulse just  touches this ver t ical  line, a s  in F ig .  1-8b, the 
beam will  deflect exactly to  the center of the slit.  
is noted and the polarization voltage read f rom the digital voltmeter. 
This i s  the ze ro  point. F r o m  here the photo- 
The position of the sl i t  
A measurement technique of this type i s  rapid and repeatable, yet accurate  
because the operator does not have to  interpret  distances o r  read scales.  
Accuracy is estimated t o  be better than one tenth of a beam position. 
3.3. 2 Temperature-Induced Drift 
Measurements were made of the sensitivity and stability of deflection 
to  changes in ambient temperature  for the original models of the shear  plate 
deflector. During an extended period of t ime in which data on deflection 
versus  voltage and polarization were taken, it was noted that the undeflected 
beam did not re turn to the ze ro  position immediately after a s e r i e s  of 
measurements had been made. 
taking about three minutes to reach zero. 
zero was a function of the voltage and frequency a t  which the deflector had 
been operating just  previous to an examination of zero  drift.  
of 20 a r c  seconds per unit cell  would occur both horizontally and vertically 
when the deflector had run a t  4. 5 kV peak and  2 k c / s  fo r  a short  time. 
Instead the beam would drift back slowly, 
The amount of deviation f r o m  
A typical drift 
The behavior of the s t ructure  seemed to indicate that internal losses  in the 
piezoelectric cube were causing it to heat and expand nonuniformly, m3ving 
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the mir ror  through a slight angle; this effect has been observed with some 
piezoelectric single crystals under uniform heating. 
This conjecture on the effect oi heating was given support f rom the results 
of measurements of deflection sensitivity a s  a function of ambient tempera- 
ture.  An undriven shear plate deflector a t  thermal equilibrium in an oven 
a t  4OoC showed a zero drift of roughly 2 . 5  seconds/oC per unit cell a s  the 
oven temperature was lowered. 
maximum drive would account for  the observed d r i f t .  
Thus, a temperature r i s e  of 8% under 
These latter measurements were performed using the nichrome wound oven 
seen in Fig.  1-9. As the deflector drifts f rom the zero position, a dc 
voltage i s  applied to res tore  it. 
to the angular drift. 
The restoring voltage may then be related 
A method for dealing with this zero drift has been employed in the latest 
model of the shear plate deflector. 
cube arranged such that thermal deflections cancel, while electrical deflec- 
tions a r e  cumulative. 
Essentially, each cube has an image 
More will be s a i d  about this later. 
F i g .  1-9. Oven with thermocouple fo r  measuring temperature effects, 
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3 . 3 .  3 Temperature Dependence of Deflection Versus Polarization 
It was proposed that if polarization were a t rue  measure  of deflec- 
tion, it should also be independent of temperature.  
been difficult to obtain definitive data on this due to  ze ro  drift problems 
during measurement. 
range of 5OC, polarization may be consistent with beam position to  within 
one quarter of a beam width. 
applied voltage and polarization voltage versus  beam position over a range 
of temperatures to establish what type of l inearity should be expected and 
the relatienship betwc €3 temperature ,  polarization arid deflection. 
Up to this t ime it  has 
Prel iminary resul ts  indicate that over a temperature 
It is planned to compare measurements of 
3 .  3.4 Aging 
The data obtained to date a r e  not sufficient to make definite predic- 
tions about what effects aging will have on voltage sensitivity of deflection, 
polarization, temperature  dependence, losses ,  etc. 
kept of deflection, capacitance and dissipation factors  for certain units and 
will be evaluated periodically throughout the test period. 
Records have been 
4. DEVELOPMENT O F  N E W  DEFLECTORS 
4.1 SYMMETRICALLY SUPPORTED MIRROR DEFLECTOR 
A new design was devised for mounting the deflector shear  plates 
and m i r r o r s  to eliminate the t ransfer  of acoustical  energy to the supporting 
structure.  
to be supported at a point at which the shear  s t ra in  is ze ro  such that no 
mechanical motion will be transmitted to the support. This point must,  
then, be a node of vibration of the shear-plate m i r r o r  unit. By placing 
m i r r o r s  on four sides of the shear-plate cube instead of one, a symmetr ical  
s t ructure  results in which the shear  vibrational node is on axis through the 
centers  of the remaining two sides. Support of such a unit would come f r o m  
two point contacts made at  the center of the symmetry  forces.  
vidual subassembly would then be "free floating" in  the sense that i t  is 
acoustically isolated f rom the ent i re  s t ructure .  
The design philosophy called for the piezoelectric shear-plate 
Each indi- 
In addition to eliminating unwanted resonances,  it was felt that the new 
design would y i e l d  other desirable  features.  
in the subassemblies will be eas i e r  to predict  and control due to  the s impler  
geometry. 
reduced since each set  of m i r r o r s  can be individually adjusted after mounting. 
There a r e  to be two adjacent functional m i r r o r s  on each subassembly, the 
other two being dummies. These appear as a n  outside corner  ref lector  having 
the property of being ra ther  uncrit ical  with respec t  to  angular orientation. 
Normal  resonances existing 
Alignment problems associated with the m i r r o r s  would be greatly 
Such a deflector w a s  built and is shown in F ig .  1-10. 
s t ructure  is supported by two dowels inser ted in  shallow holes centered 
on opposite faces of the piezoelectric cube. 
Each cel l  of this 
This  method of support is 
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consistent with the design criterion only i f  the effect of the holes can be 
neglected. Proper hole size was determined by measuring the resonant 
Q of single piezoelectric cubes a s  a function of hole size with the cube 
isolated and, again, with the supporting dowel inserted. By comparing 
the Q's  of the major resonance with and without the dowels, the amount 
of power transferred to the. suppnrt can be  determined. 
Measurements of Q set  the hole size a t  no more than 60  mils. Subsequent 
evaluation of the completed model showed this to be too small  for  proper 
vibrational stiffness. 
alignment was not as  simple a s  was f i rs t  believed. In view of this it was 
decided to  put further effort into a ruggedized version of the f i rs t  design. 
Details a r e  given in the following section. 
Two dimensional deflection was still a problem and 
4 . 2  RUGGEDIZED SHEAR PLATE MODEL 
In the preceding sections some of the more important problems 
encountered in the design of a precision shear plate deflector were discussed. 
In the latest version of the deflector an attempt was made to overcome these 
problems through a better under standing and more sophisticated design. 
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4. 2. 2 The Unit Cell 
The basic unit cell  consists of a m i r r o r  and P Z T - 4  shear  plate 
bonded to a support, a s  shown in Fig. 1-11. 
f rom aluminum in the form of a yoke to increase mechanical strength, and 
the cube is placed in a f rame which has  high vibrational st iffness.  
effect i s  enhanced by the adjacent f rames  in the assembly. 
has been possible to eliminate unwanted modes of deflection caused by 
s t ructural  resonance s . 
The support was fabricated 
This 
In this way i t  
m ~ i i r  riciiiud u s e d  to ileirLt the prese~ iee  uf deflection perpendicuidr Lo the 
normal mode uses the same arrangement of equipment as was shown in 
F i g .  1-6.  The slit covering the phototube, however, is arranged to l ie 
parallel to the scanned line with the edge of the line just  grazing the edge of 
the slit. If any light falls  into the phototube due to perpendicular deflection, 
a pulse w i l l  be seen on the oscilloscope at the corresponding point. 
ruggedized assembly was tested in this way f rom 0.1 to 10  k c / s  with no 
anomalous behavior noted. 
The 
I t  i s  desirable to be able to  drive the deflector directly f rom an  amplifier 
without the use of a voltage step-up t ransformer  and i ts  inherent frequency 
limitations. One way of reducing the high-voltage requirement is to  build 
up the piezoelectric shear element f rom a number of s l ices ,  with the elec- 
trodes sandwiched between the sl ices.  In a four-slice element, for instance, 
the voltage applied to these electrodes need only be one quarter a s  much a s  
that needed to cause identical shearing action in the same size solid element. 
DIELECTRIC MIRROR ON 
QUARTZ SUBSTRATE 
PZT-4 SANDWICH 
(arrow shows poling 
direction) 
v ALUMINUM SUPPORT INSULATING BLOCK FOR TERMINAL 
F i g .  1-11. View of unit cel l  for  ruggedized deflector. 
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Fig. 1-12 .  Ruggedized shear plate deflector, SPM-8, with unit cell. 
These modifications were incorporated in the latest ruggedized model. 
The drawing of Fig. 1-11 depicts the two slice sandwich used for that 
shea..r element. The top and bottom electrodes a r e  grounded t o  the frame 
while the center electrode is brought out to  a terminal. The poling di-  
rection of alternate sl ices must be reversed if  the field directions a r e  
to cause complimentary shearing in each slice. 
pract ical  at this point, bringing the peak drive voltage t o  about 800 V. 
A six slice element seems 
4. 2 . 2  Balancing of Thermallv Induced Motion 
Temperature changes in  the shear elements due either to internal 
losses  o r  changes in ambient temperature have caused the zero position of 
the undeflected beam to d r i f t .  This action, while not yet completely under- 
stood, has been considerably reduced in the ruggedized version through the 
use of a symmetrical  design. 
The assembled structure has a mir ror  plane of symmetry at its center ,  as 
is evident in Fig. 1 -12 .  This construction allows thermally induced de- 
flection in the f i r s t  half to be canceled by similar but oppositely directed 
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response in the second half. The field directions a r e  reversed in the two 
halves to  provide additive voltage deflection. A temperature r i s e  of 2OoC 
in this structure was accompanied by a drift of approximately 0. 3 sec/OC 
for each unit cell. 
lack of complete uniformity among the unit cells. 
I t  i s  probable that this amount can be attributed to a 
4. 2. 3 Construction Techniques 
Much effort has  been applied to assembling a deflector whose 
mechanical tolerances were known and controlled, insuring full use of a l l  
m i r r o r s  by the laser  beam. 
lapped flat and parallel. 
no angular e r r o r  i s  introduced in assembly and par ts  may be dismantled 
and reassembled in any order .  End sections with m i r r o r s  adjustable in 
two planes let the beam enter and leave coaxially and allow correction for  
any residual deflection. 
Mating surfaces of each aluminum yoke were 
The yokes a r e  provided with locating pins s o  that 
Slices of PZT-4 for the active element a r e  cut f rom a disk, obt$ined f r o m  
Clevite Corporation, and a r e  ground flat and parallel. A 2000-A layer of 
nickel is evaporated on each of the large surfaces  to se rve  as electrodes. 
At this point and af ter  each subsequent operation, the capacitance and dis-  
sipation factor of each of the s l ices  a r e  recorded. 
P a i r s  of slices a r e  then bonded together with an epoxy. 
included i n  the sandwich protrudes and serves  as a center electrode (see 
Fig. 1-12) .  
of faulty electrical  coupling of the copper electrode to  the slice. 
of the resulting cube is then ground flat and attached with an epoxy to  a 
dielectric mir ror  on a quartz substrate.  
to the yoke is observed through an optical collimator (Fig. 1-13). Final 
corrections may be made at this point. Pins  in the collimator platform 
locate the yoke and reference this operation to the assembled structure.  
A 2-mil copper tab 
The capacitance measurement here  serves  a l so  a s  an indication 
The front 
Assembly of the cube-with-mirror 
4. 2.4 Experimental Results 
Two units of the ruggedized shear  plate deflector were constructed, 
and a r e  referred to  as models SPM-7 and SPM-8. Because of an e r r o r  in 
assembly, the PZT-4 slices making up the shear  elements in SPM-7 were 
oriented with their  poling in the same  direction. 
to operate in the normal  manner with field applied a c r o s s  the two s l ices  in 
the same direction. 
This unit was converted 
Deflection sensitivity for SPM-8 a t  200 c / s  was 0.086 degrees/kV a s  com- 
pared with 0.097 degrees/kV fo r  a previous model SPM-2 with the same 
number of cells. The thin layer 
of epoxy used t o  bond the s l ices  together ac ts  a s  a capacitor in se r i e s  with 
the sl ice,  reducing the capacitance of the sandwich by about 1.2 percent. 
The voltage developed ac ross  this layer reduces that available to cause 
shear in the slice. This will become more  pronounced in the six stack 
e le ment . 
This difference is not totally unexpected. 
20 
Fig. 1-13. Autocollimator used in alignment of par t s  during assembly. 
A s  mentioned previously resonances f rom 0 .1  to  1 0  k c / s  have been elimi- 
nated, and progress is being made in  solving the problems of thermally 
induced deflection. It was noted recently, however, that a change in tem- 
p e r a t c r e  c2uses the  r r l i r ro i -a  to  warp slighiiy into a concave configuration, 
giving r i s e  to a focusing action on the beam. 
thermal  drift a r e  related so  that they may be handled in similar ways. 
It i s  likely that this and 
5. CONCLUSIONS 
It has been concluded that the best  approach to developing a deflector 
fo r  use in  the tracking system discussed in Part Two is through the rugged- 
ized shear plate mi r ro r  type deflector. 
of deflector a r e  i t s  relatively high speed of response and mechanical and 
chemical stability. 
requirements may be reduced through the stacking type of construction for 
the active element. 
Among the advantages of this type 
A low light attenuation can be expected, and the voltage 
2 1  
There remains a number of recognized problems which must be resolved. 
Among the most important of these a r e  the thermally induced drift and 
beam focusing. 
solution with encouraging results.  
with matching expansion coefficients. 
ceramic  surface is s t i l l  present a t  the higher voltage levels but this pro- 
vides no basic limitation on deflector performance. 
Symmetry of design is now being employed as a partial  
A second possibility is use of mater ia ls  
Electr ical  breakdown ac ross  the 
Fundamental questions on the seriousness of aging, temperature dependence 
of .deflection sensitivity, and causes for thermal  motion and defocusing a r e  
yet unresolved. The importance of these effects a r e ,  of course,  reduced 
when the deflector is used only for short  periods so that it may be recal i -  
brated at the s t a r t  of each period. 
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PART T W O  
BEAM DEFLECTOR SYSTEMS 
1. INTRODUCTION 
The mater ia l  reported in this section is divided into two major tasks:  
system analysis for applications of high-speed beam deflectors, and bench 
tes t s  of the devices over a total two-way distance of approximately 630 yards.  
The system analysis task was designed to  examine the uses ,  potentialities, 
and most favorable means of employment of the beam deflectors in accom- 
plishing optical acquisition and tracking. 
modes were formulated and their individual characterist ics examined for 
potential use in systems. 
of system application, the tracking of a retro-reflector on a moving target. 
The resul ts  of these system calculations a r e  sufficiently general that only 
slight modifications a r e  necessary t o  apply them to  a variety of possible 
systems. 
related to  the magnitude of the received signal and to the various sources of 
noise encountered in such an application, a section is  included which encom- 
passes such received power and signal-to-noise calculations. Also included 
is a discussion of the effects of a turbulent atmosphere on system accuracy 
and the required signal to  noise ratio as  a function of the probability of mis -  
sing the target re turn in a single acquisition cycle. 
To this end, various possible scan 
A detailed analysis was made of one possible type 
Because successful use of such contem2lated systems is intimately 
The bench tes t  portion of this work had two goals: to examine the charac-  
te r i s t ics  of the beam deflectors for a fairly long path to provide a fine-grained 
look at their  peculiarities, and to  provide an experimental "feel" for the de-  
vices to  assist in formulating applications for them. 
l a se r ,  beam defiectors,  a d  receiver v,rere Incated in the engineering labo- 
ra tor ies  with a clea-r view to the end of Sylvania's property. 
was located approximately 950 feet distant, at which range one minute of 
angle covers  a n  a r e a  3.32 inches wide. 
diameter ,  48-inch focal length mir ror  and a 1-inch focal length eyepiece 
suitably mounted s o  that the return energy is collimated after passing through 
it. The beam is then spl i t ,  with half going to  an 8 power telescope with c ros s  
hairs for ease  of alignment and the other half to  a detector through a lens,  
f i l ter ,  and field stop. 
ment and is easily aligned. 
For  these tes ts  the 
A corner  reflector 
The receiver consisted of a 6-inch 
This receiver has  proved to be an excellent a r range-  
The investigations to date indicate that successful systems to accomplish 
acquisition and tracking can be built employing beam deflectors. 
t e r i s t ics  of such systems and directions future work on beam deflectors 
should take to  build these systems a r e  described in this section of the report ,  
Charac- 
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2. SYSTEM ANALYSIS 
2 .1  BEAM DEFLECTORS AS SYSTEM COMPONENTS 
The beam deflectors may be used either on the transmitting end 
where they may be followed by an optical system or on the receiving end 
where they a re  preceded by optics. In either case the scan angle can be 
changed by a change in the focal length of the optics. However, an  increase 
in the angle of scan i s  necessarily accompanied by an increase in the beam- 
width. 
ing power necessitates long focal lengths and smal l  scan angles. 
t ransmi t te r ,  however, seldom has need for such large aper tures  and there-  
fore  retains greater flexibility in the control of scan angle. 
the number of beam positions deflected by the beam deflector remains constant. 
Because of this inherent character is t ic ,  the deflectors will probably be use- 
ful on the receiver only for applications such a s  tracking scanning when only 
small  deflections a r e  necessary.  
such a s  i m a g e  dissectors  and spinning reticles a r e  highly developed. 
On the transmitter,  however, the beam deflectors fulfill a requirement that 
has not been satisfied by any other device. 
the transmitter to participate in an acquisition mode where little t ime can 
be allowed to establish contact with a target even though the position of the 
target i s  now well known. 
The large apertures  required on the receiving optics for  light gather- 
The 
In either situation 
For  this type of function, other devices 
Use of the beam deflectors allow 
The following describes the manner and systems in which the beam deflectors 
can be used in a n  optical acquisition and tracking system. 
2 . 2  SCAN MODES 
There  a r e  a number of possible scan modes which can be conceived 
to accomplish the acquisition and tracking functions. The mode which would 
be selected for use in a given system will be chosen on the basis  of a number 
of inter-dependent parameters  of which the beam deflector character is t ic  is  
only one. The following is a discussion of four possible acquisition modes 
which could be accomplished with a beam deflector.  
is assumed that an overlap is desirable between successive scans to  mini- 
mize the chances of missing the target and that the t ransmit ter  beamwidth 
may be different than the receiver  instantaneous field of view. 
range attainable with an optical system is so  intimately associated with the 
t ransmit ter  beamwidth, the scan mode calculations will be expressed in 
t e r m s  of that parameter ra ther  than the receiver  field of view. In cases  
where the receiver field may be l e s s  than the t ransmi t te r  beamwidth, an  
appropriate proportion function is used. 
In this discussion i t  
Because the 
2 . 2 . 1  Sawtooth Scan 
The sawtooth scan mode a s sumes  a square acquisition field in  which 
the beam is swept in successive l ines ,  each displaced from the next by an 
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increment proportional to  the beamwidth. 
television scan, employs a fast  sawtooth a t  the line scan rate  and a slow 
sawtooth in the orthogonal direction at the frame scan rate.  
of the frame scan rate is the acquisition time. 
This type of scan, s imilar  to  a 
The reciprocal 
The number of beam positions in a scan line is n = 9 /8Tb  where Cp is the total 
acquisition angle and b = 8R/8T 2 1 
8T = Transmit ter  beamwidth 
8, = Instantaneous angle of receiver field 
The number of scan lines in  the total  field i s  (P/peTb where "p" is the f rac-  
tional part  of the beamwidth the scan overlaps. 
The total  effective number of beam positions, therefore,  is 
and the dwell t ime td is 
where 
TA 
= f rame period or acquisition t ime. 
The dwell t ime may be determined by receiver bandwidth or ,  a s  will be la te r  
developed, by the t ransi t  t ime of the light between t ransmit ter  and receiver.  
2 . 2 . 2  Triangular Scan 
Limited frequency response of the beam deflectors may make a fast  
Be- 
r e t r ace  such a s  needed in a sawtooth drive impossible to attain. A modified 
r a s t e r  scan, therefore ,  would employ a triangular driving waveform. 
cause overlap of the same fraction, p,. i s  necessary in a l l  parts of the scan, 
the effective slow re t race  has the effect of doubling the effe-ctive number 
of beam positions, and thus halves the dwell time. 
The dwell t ime for the triangular scan i s ,  therefore,  
2 5  
2.2.3 Sinusoidal Scan 
This scan employs a sinusoidal drive a t  the line ra te ,  but a r amp  o r  
sawtooth at the slower f rame rate. 
modes, the dwell t ime var ies  at different places on the scan line. 
Unlike the previously described scan 
The motion of the spot in  e z c h  sea:: lir,e has  the form 
y = y cos u t  
0 
The velocity, therefore,  is the differential of this expression, o r ,  
G Y =  s in  W t  dt OYo 
and the maximum velocity, 
- beam positions - o y 0  = 2rrfyo = 2rfn V max second 
where 
n = number of beam positions/scan line 
The minimum dwell t ime, then, is 
- 1 - 1 -  'Tb 
- i - -  2rrfn - ~ 2 r f  -* max 
Since 
It will be noted that this dwell t ime is a factor  of 2~ shor te r  than that of the 
r a s t e r  scan. 
2.2.4 Spiral  Scan 
I 
A scan fo rm that is still ea s i e r  to use t o  dr ive the beam deflectors 
is a sp i ra l  scan which uses  only amplitude-modulated sinusoidal signals. 
26 
. 
The two tandem beam deflectors a r e  driven in phase quadrature with si- 
nusoidal signals of increasing amplitude. 
center to the outer edge in a sp i ra l  pattern. 
takes the form 
The beam then moves from the 
The equation of such a spiral  
R = kcu 
and 
pe b = 2~rk T 
where k = constant, CY = angle in polar coordinates, and R = angular dis-  
tance f rom the center. 
Thus, 
The average length of the ith cycle is  Li = 2~rRi, where Ri is the average 
radius between the (i - cycle and the ith cycle, o r  
Ri = 1 [ peTb (i - 1) t peTbi ] = peTb (i - 0.5). 
Thus, 
L. = Zrpe b (i - 6.5). 
1 T 
The number of beam positions in L. is simply 
1 
= 27~p (i - 0 . 5 ) .  mi = 
If iT is the total number of cycles in the scan pattern, the t ime per  cycle is 
27 
The minimum dwell t ime will occur in the final cycle, and will be equal to 
- - - t - t 
2rp (i - 0.5) ZrpiT (iT - 0.5) t~ - m- - T lT 
or  
m 
lA 
2 
T 
tD * 
2rpi 
lf the total number of beam positions ac ross  the field of view is n =(P/eTb, 
then allowing for an overlap of successive cycles, the total number of cycles 
is 
Substi#.<. 1 .  this equation into the equation for tD gives, finally, 
This dwell time is l e s s  than that of the r a s t e r  scan by a factor of 2 / r .  
2 . 3  SYSTEM T O  ACQUIRE AND TRACK A CORNER REFLECTOR 
A system that positions the t ransmit ter  and receiver at a common 
location and tracks a cooperative reflector on a moving target  is one of in- 
te res t .  
ter is t ics  a r e  common to a large number of possible sys tems.  
lf the target is  moving and is some distance f r o m  the acquisition and tracking 
system, the finite t ransi t  time of the signal f rom the t ransmi t te r  to  the r e -  
f lector back to the receiver may have an  effect on sys tem operation. Fo r  
example, i f  the dwell time as calculated in the previous section is shorter  
than the two-way transit  t ime, and if the rece iver  has  an  instantaneous field 
of view no larger than the t ransmit ter ,  the r e tu rn  signal can never  be detected 
by the receiver. 
a r e  scanning i n  unison. 
a r e  evident: 
This system w i l l  be discussed specifically, but most  of the charac-  
This,  of course,  assumes  that the rece iver  and t ransmit ter  
When this condition occurs ,  two possible solutions 
the receiver can be made to lag the t ransmi t te r  scan by an  
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appropriate amount, or both beams can be enlarged s o  that the dwell time 
is  sufficiently lengthened. 
The first solution assumes knowledge of the range to the target  but w i l l  be 
a necessary recourse in many situations. The second, involving widening 
of the beam, wil l  be discussed in this section. 
Another system constraint imposed because of the target  motion is that the 
total acquisition time must be short  enough that the angular motion of the 
target is sufficiently small  to be insignificant. 
The above conditions, therefore,  place the following boundaries on the con- 
templated system: 
- 2aD td - -
C 
where -- _ _  - -- 
a = number of transit  t imes in one dwell tim'e 
D = range t o  target  distance 
c = velocity of light 
T = BTbg/V, inwhich ( 2 . 7 )  
S 
g = fractional part  of 8T missi le  moves during 
TA( 0 < g < ( p / 2 0 ~ ) ,  and v = angular missi le  velocity 
in radians/second. 
If these two boundary conditions a r e  inserted into Eq. (2 .2)  the minimum 
transmit ter  beamwidth which will satisfy the stated conditions is: 
The r a s t e r  scan frequency, in scans/second, is 
A s imi la r  analysis using the other scan modes reveals that the t e rm in the 
brackets  in  Eq. (2.8) will increase in the same ratio a s  the dwell time de- 
c r e a s e s  from the r a s t e r  scan case.  
4 
The inimum allowable value of eT, therefore,  for triangular scan is 
(2)lE greater than that for r a s t e r  scan. Section 2.4 will discuss the maxi- 
mum value of 8, that is allowable on the basis  of range, available power, and 
other system characterist ics.  
transmitter beamwidth between these two limits;  in  general ,  the beam- 
width chosen will be the minimum rather than the maximum in order  to  
maximize the signal to  noise ratio. 
A given system must employ a value of 
2.3.1 Bradley or Transit  Time E r r o r  
Aiigular e r r o r s  introduced when there  exists a t ransverse  component 
of velocity between source and receiver a r e  well known, and were  first 
described by Bradley in the Century. 
A special case a r i s e s  when the t ransmit ter  and receiver a r e  at the same 
location and a t ransverse velocity component exists between them and the 
retro-reflector. Consider the geometry of Fig. 2-1. M represents  the 
position of the corner reflector and 1 the position of the t ransmit ter  at t ime 
0. 
flector to be stationary while the t ransmit ter  -receiver moves. 
takes a time tt = D/c to go f rom the t ransmit ter  to the corner  reflector. 
During that time, the t ransmit ter  and receiver  have moved a distance Vt t  
to position 2. V is the relative velocity between the t ransmit ter-receiver  
location and the corner  reflector. The corner  reflector M then retransmits  
the signal which again takes a t ime D/c to  a r r ive .  Because the original 
signal came from the t ransmit ter  when it was at position 1, it is in that 
direction that the signal is returned. During the return period, the r e -  
ceiver has moved t o  position 3 which makes an angle p = 2Vt t /D = ZV/c 
with the direction in which the corner  reflector returned the signal. 
Because only relative motion is of importance, assurne the corner  r e -  
The signal 
A s  3"- -xample, i f  'he  re t ro- r r  l ec to r  were on a satell i te with an orbital  
period of 90 rr'niit the re13 .Lve velocities a r e  sufficient t o  make B ap-  
proximately 10 secorl,, of a r c .  
energy is at least twice this value, the re turn  will not be detected at the r e -  
ceiver. 
the transmitter that Fraunhofer diffraction l imits  hold, the effective aper ture  
of the corner  reflector can be no la rger  than 0.75 centimeters in diameter.  
Unless the beamwidth of the retransmitted 
Assuming that the corner  ref lector  is sufficiently far removed f r o m  
2.4 RANGE CALCULATIONS 
A laser transmitter which directs  a total  power PT into a beam having 
a half-power beamwidth of 8T will illuminate a distant ta rge t  with an on-axis 
intensity of 
1 = - -  TT pT watts . 
'T2 steradian 
4 
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Fig. 2-1. Bradley e r r o r  for tracking a corner  reflector.  
An optical corner-reflector of diameter dc subtends a solid angle of 
~ / 4  (dc/R)2 a t  a range R. 
mit ter ,  it would intercept a total  power 
If i t  were located on the axis of the l a se r  t r ans -  
2 
2 r2 PTdc 
2 2 '  .- Tdc - ( 2 . 1 1 )  pT P =  
C 'T 4 R 2  1 6 e T R  
The corner  reflector redirects  the intercepted energy back toward the t r ans -  
mitter.  
that the reflector divides the beam into s ix  equal sec tors ,  and each of them 
can have, at best ,  a diffraction limited beamwidth of 
The minimum beamwidth of the r e tu rn  beam is  limited by the f ac t  
x e % -  
P rl (2 .12)  
where A i s  the wavelength of the light and d, is the "effective diameter" of 
one of the sec tors .  This effective diameter,  d,, is determined from the 
construction in F ig .  2-2 to be 
d 
S 3 (2.13) 
C d 2 -  
Thus, for this estimate of return beamwidth (Eq. 2. 12), the corner  reflector 
is  considered to be a collection of six diffraction-limited radiating aper tures ,  
each with a diameter equal to one-third the diameter of the corner  reflector. 
The on-axis intensity of the return beam can now be estimated as 
c watts P - lT - - -  
2 steradian 
C 
4 e  re turn 
I (2.14) 
Fig. 2-2. Effective diameter of reflecting sec tors  of an optical corner r e -  
f lec t or. 
and the power intercepted by the receiver is 
(2.15) 
, After substituting Eqs. (2. 11), (2. 12), and (2.13) into a. (2.15) and in- 
cluding t e r m s  for power losses  in the t ransmit ter ,  transmission path, and 
receiver ,  the radiant laser  power striking the photocathode of the detector 
is found to  be 
pR (2. 16) 
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c 
Of course,  i f  the receiver aper ture  i s  l a rger  than the s ize  of the re turn  beam 
at the receiver ,  all of the power which is intercepted by the corner  reflector 
is collected by the receiver ,  and the received power is 
(2.17) 
Equation (2 .17)  is normally useful when very short ranges a r e  considered, 
while for long ranges, Eq. (2 .16)  must be used. 
expression results in the lower value of PR is the co r rec t  one on which to 
base l a se r  requirements. 
In any case,  whichever 
It is useful at this point to consider a sample calculation for a typical s e t  
of parameters .  
in an  optical acquisition and tracking application are: 
Realistic values for parameters  which may be encountered 
PT = 50 milliwatts 
d = 5 c m  (- 2 inches) 
C 
d = 15 cm (-6 inches) r 
R = 10 kilometers 
= 6328 H (He-Ne laser  wavelength) 
LT = - 3 d B  
LR = 5 d B  
Lp = 17 dB (about 2 percent t ransmission over 20 km)  
Using Eq. (2 .16)  it is found that 
- 2' 76 x 
pR - a 2  
w a t t s  (eT in minutes of a r c )  
"T 
Equation (2.17) gives 
2' 88 x 
pR - a 2  
w a t t s  (eT in minutes of a r c )  - 
"T 
I 
(2. 18) 
(2.19) 
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c 
Since the first  result  Eq. (2.18) is smaller  in magnitude than the second, it 
shows that Eq. (2 .16)  (and therefore Eq. 2.18) is the cor rec t  power equation 
to use a t  the 10 km range. 
Equation (2.18) is plotted in  Fig. 2-3. Also included in the figure a r e  curves  
representing the received power when the total atmospheric transmittance 
over the 20 km two-way path is 20  percent (7  dB loss )  and 0 .2  percent (27 dB 
loss).  These two extremes a r e  attainable under widely variable atmospheric 
conditions. 
10- 'O  IO- lo-* IO-' 
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Fig. 2-3. Received l a se r  power versus  t ransmi t te r  beamwidth. 
2.5 SIGNAL-TO-NOISE RATIO 
In order t o  determine whether or  not the received power i s  sufficient, 
the post-detection signal to  noise ra t io  must  be evaluated. 
that the l a se r  output is modulated and that the detector is followed by a na r -  
row band amplifier centered about that modulation frequency. 
a c  signal power (in t e r m s  of cur ren t  squared)  contained in the cathode photo- 
cur  rent is 
It will be assumed 
Thus, the 
34 
(2.20) 
where Io is the dc current  which 
peak, unmodulated l a se r  signal, 
lated to  PR by 
I 0 =zPR 
would be produced by the incidence of the 
and m is the modulation index. Io is r e -  
(2 .21 )  
where "q" is the quantum efficiency of the photosurface. 
If it is further assumed that electron multiplication takes place before dis-  
charge into the load, thermal  noise in the load res i s tor  can be neglected and 
the post-detection signal to noise ratio takes the form 
-1 
(2.22) 
2hV PR 
5 = 0.8($)- qpR [i + -% 
N 2hVB 
The first t e r m  in the brackets represents quantum noise, equal to  1 / 2  be- 
c a m e  the =ndidation is normally biased about the 1 / 2  power point. 
second t e r m  is detector noise,, and the third t e r m  represents shot noise as- 
sociated with the background dc light level. 
expression accounts for the S/N degradation in the dynode multiplication. 
The 
The factor of 0.8 in the 
Using the resul ts  of the previous sample calculation and assuming typical 
values for detector character is t ics  as listed below, the expected post- 
detection signal to  noise ratio i s  calculated. 
m = 1 . 0  (1000 percent modulation) 
q = 0.06 (6 percent quantum efficiency for  S-20 photocathode) 
B = 3 0 k c / s  
112  NEP = wat ts / (c / s )  
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The assuiried background power was calculated from a diffusely reflecting 
background of ref ectance a.  0 ,  illuminated by a sea-level solar irradiance 
of 4.176 watts/m in a 10 A bandwidth centered about 6328 B. 
losses  f rom the target to  the receiver a r e  just  half the total experienced by 
the laser  beam, and the receiver losses a r e  identical. 
PB/PR is independent of receiver  and path losses.  
3 The path 
Therefore,  the rat io  
Equation (2. 23)  is  plotted in F ig .  2-4. Also plotted a r e  curves representing 
performance when the atmospheric transmittance is 20 percent and 0.2 per-  
cent as was done in Fig. 2-3. 
The bandwidth chosen above was derived by assuming a requirement of suc- 
cessful acquisition at 1 0  km. 
approximately 70 microseconds. 
together, then the t ransmit ter  must dwell on the target for at least  twice 
this t ime,  o r  140 ps. 
in duration and must have a bandwidth greater  than 1/7Ops 
to  respond t3  it. 
f o re  being seen for a shorter  t ime during scanning), the minimum required 
bandwidth is about 30 kc / s .  
The two-way t ransi t  t ime of the light i s  
If the t ransmit ter  and receiver a r e  scanning 
Thus, the receiver will see  a pulse l e s s  than 70 p s  
14 kc / s  in order  
Allowing a factor of two for  the target being off axis (there- 
2.5.1 Required S / N  for System Operation 
When the laser  beam is scanned in sea rch  of a corner  reflector target ,  
it illuminates the target for  only a short  t ime.  
(70 ps in the example of the previous section), the receiver must recognize 
the return s i g n a l  so that it may stop searching for ,  and begin tracking the 
target.  Recognition will consist of testing the detector cur ren t  level with 
respect to  a fixed threshold. If the current  r i s e s  above the threshold, the 
receiver will assume it is looking at  the target .  
Because of constant background noise in the receiver and noise on the in- 
coming signal, however, there  is always a probability that the target  will 
be "seen" when it is not there ,  and missed when it is there .  
pose of this section to  examine the statist ical  properties of the noise with 
reference to  these probabilities. 
The common approach t o  noise statist ics is to  assume that the noise is 
Gaussian. F o r  Gaussian noise, the noise cur ren t  is distributed normally, 
i .e .  , the probability that the noise cur ren t  I(t) l ies  between I and I f dI is 
During this short  dwell t ime 
It is the pur- 
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Fig.  2-4. Signal-to-noise ra t io  versus  t ransmit ter  beamwidth. 
dI p(1)dI = 
*- V -  
(2 .  24) 
where 6 is the r m s  value of the noise current.  This assumption is c o r -  
rec t  f o r  most forms  of noise encountered in electronic c i rcui ts ,  including 
thermal  noise in res i s tors  and shot noise in vacuum tubes when the average 
cur ren t  is sufficiently high. When the average current  is small ,  however, 
the shot effect current  may not be given correct ly  by a normal  distribution 
law. 
Poisson distribution, which describes the current  in t e r m s  of the electrons 
of which it is comprised. 
interval  becomes large,  however, the noise current  does approach the normal  
distribution in Eq. (2 .24 ) .  
In a n  optical receiver  that uses  a photomultiplier, the dominant form of 
noise is shot noise, or statist ical  variations in the average current  leaving 
the photocathode. 
The variations in current  in vacuum tubes a r e  really given by the 
As the average number of electrons per unit t ime 
(Thermal noise in the output amplifier is overwhelmed by 
37 
the shot noise, because the shot noise i s  multiplied with the signal approxi- 
mately one million t imes in the photomultiplier dynodes. ) 
leaving the photocathode consists of photoelectrons produced by light f rom 
the background and the target,  and electrons produced by thermal  emission 
(the cathode dark current) .  
The current  
To get an  idea of how many electrons a r e  involved here ,  le t  us make some 
computations with the figures used in the example of the previous section. 
With a bandwidth of 30 kc/s, the receiver can detect pulse widths as narrow 
a s  30 ps. In a period of 30 ps ,  and average of 1/300 dark  cur ren t  electrons 
and 14 background photoelectrms a r e  emitted (assuming for the background 
light that 8 R  = 1 minute of a r c  and 1 / 2  L p  LR = 19 dB). 
electrons in the same period a r e  needed t o  produce a signal-to-noise ra t io  
of 20  dB. 
About 400 signal 
Because of the small  number of electrons involved, it is not rigorously co r -  
rect  to use a normal  distribution to represent  the shot noise current .  
However, a solution is f i r s t  obtained assuming that the noise is Gaussian. 
The predictions of Poisson statist ics a r e  then discussed, and data that allow 
suitable correction factors for the Gaussian curves t o  be estimated a r e  
given. 
S. 0. Rice. 
The treatment of the Gaussian noise is taken f rom the papers by 
1 
2.5 .  2 Gaussian Noise Analvsis 
The output amplifier of the receiver  is relatively narrow band, and 
The noise appearing in this amplifier is  a sine wave at the center  
has a center frequency equal to  the expected modulation frequency of the 
signal. 
frequency whose amplitude var ies  in a random fashion with a maximum 
frequency of approximately one-half the bandwidth. The quantity of interest  
in describing the noise i s  the amplitude o r  the envelope, R(t) ,  of the center-  
frequency sine wave. 
The probability distribution .b of the noise amplitude, o r  envelope, is given by 
the following expr e s si on: 
( 2 .  2 5 )  
The r m s  va lue  of the noise current  is s t i l l  6, but the rms value of the 
envelope is- e 
1. S. 0. Rice, "Mathematical Analysis of Random N o i s e ,  I '  Bell System 
Technical Journal, Vols. 23 and 24,  
: Equations (2 .25 ) ,  ( 2 .  26), and (2. 2 7 )  and, with slight modifications, the two 
curves in Fig. 2-5  were taken directly f rom reference  1. 
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Rice goes on to  derive severa l  resul ts  pertinent to our problem. He studies 
the distribution of the maxima of R. 
cause i f  any particular maxima of the noise cur ren t  envelope goes above our 
threshold, a n  e r r o r  will result. 
is that of an ideal band-pass filter with bandwidth B, the following resul ts  
a r e  obtained: 
This is the information we des i r e  be- 
If the characterist ic of the receiver  amplifier 
1. The expected number of maxima per  second of the envelope is 
N = 0.6411 B. ( 2 . 2 6 )  
2. The probability that a maximum of the envelope selected at random 
will be greater  than R = y 6  is a complicated function which is 
denoted P(RmaX 
plotted again y Following Rice, this probability is 
Also plotted in Fig. 2-5 is P( 111 > y <  ), which is the probability that the 
noise cur ren t  in  a low-pass filter will have a n  absolute magnitude greater  
than I = y K  . 
Xn all of the curves and equations discussed so  far, we have assumed that the 
noise cur ren t  is normally distributed. 
dictions of Poisson statist ics differ f rom the resul ts  a l ready obtained. 
W e  shall  now examine how the p re -  
2 . 5 . 3  Predictions of Poisson Statistics 
Poisson statist ics t r ea t s  the variations in the number of individual 
electrons leaving the photocathode. For  our problem, we are interested i n  
the number of electrons in a t ime slot of length 7, where 7 is related t o  the 
receiver  bandwidth by B = 1 / 2  7 for a low-pass filter and B = 1/7 for a band- 
pass  fi l ter .  
Let us consider a receiver amplifier with a frequency character is t ic  in  the 
form of a low-pass r'iiter oi bandwidth I3 = 1 / 2  7. The receiver  essentially 
takes the total  number of electrons,  n, that a r r ive  in t ime 7 and produces 
a n  average cur ren t  during the interval of 
e I = -  n 7 (2.27) 
The instantaneous current  may be much higher at t imes during the interval 
because of the uneven distribution of the electrons, but the limits of the r e -  
ceiver  bandwidth 
t e r m  variations. 
prevent the receiver f rom responding t o  these shor te r -  
Assume the average number of electrons emitted from the photocathode in 
a t ime  7 = 1 / 2  B i s  r ] .  Then, the probability that exactly n electrons will 
be emitted during any period of length 7 is given by the Poisson distribution: 
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Fig .  2-5. Gaussian noise in low-pass and high-pass f i l t e rs  
(after S .  0. Rice). 
The mean square deviation f rom the average value 71 is given by 
- - 
2 2  
(n - 71)2 = n - r )  d 2  = 
or since 
( 2 . 2 8 )  
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n=o 
we have 
- 
b 2  = q. (2. 29) 
The equivalent formulas for the noise current,  In, can be found by noting 
that In equals the deviation of the actual current  from the average current ,  
which from Eq. ( 2 . 2 7 )  i s  
rl 
- e e 
7 
- - n - -  I = 1 - 1  n avg r 
or  
e 
n 7 I = - 6 .  
The mean-square noise current  is, therefore ,  f r o m  Eq. (2.29) 
- 2 -  2 2 e 62 Z T q  e Go = In = - 
7 
2 
7 
(2.30) 
( 2 . 3 1 )  
Substitution for 7 = 1/2B and 7) = (T/e)Iavg brings Eq. (2 .31 )  into the more 
familiar form: 
which is the ordinary shot noise formula. 
( 2 . 3 2 )  
.The distribution of the noise current var ies  as the average number of electrons 
changes. Specifically, a s  the number of electrons decreases ,  the probability 
of large deviations f rom the avera e current  increases .  
the curves in F ig .  2-6 where P ( l 6  f > y f i  ) is plotted versus  y for  several  This is shown by 
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Fig .  2-6. Noise in a low-pass fi l ter .  
rlr -r values of q. This probability can be writ ten equivalently as  P( 111 > y 6  ) 
by using Eq. ( Z 0  30) and (2.31). However, it must be remembered that I 
is a discontinuous function and can take on only the d iscre te  values I = (e/T)6 
(6 = 0 ,  1, 2, . . . ). 
when I has one of these values. 
Therefore,  the curves for sma l l  Q a r e  meaningful only 
:% p((  6 I > y 77 ) is the probability that the number of electrons emitted will 
differ f rom the average number by greater  than y r m s  deviations, and is 
given by the finite sum of probabilities: 
n+Y+ 
n'77-Yfi 
P < I ~ I  >y$) = 1 - c p(n) 
where p(n) is given by Eq. (2. 26). 
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The curve fo r  
responding curve in Fig. 2-5. 
filter. The curves for 7 100, 16, 4 and 1 in Fig. 2-6 show how the dis-  
tribution of the noise i s  distorted from the large current  form when the 
current  (number of electrons) becomes small. 
= 33 represents  Gaussian noise, and is identical to  the cor -  
Both characterize the noise in a low-pass 
We would like to have a s imilar  set of curves for noise in  a band-pass 
fi l ter ,  or  referr ing t o  Fig. 2-5, curves of P(Rmax > y< ) for severa l  
small  values of 7 as well as  for V = a. 
problem w a s  not reached. 
However, a solution to this complex 
2.5.4 Interpretation and Application of Results 
Since a direct  solution of our problem is not available, we must t r y  
to estimate the solution f rom knowledge of the exact solution to a similar 
problem. Figure 2-5 gives two curves 
curve, P(IIr> y< ). Figure 2-6 gives the low-pass fi l ter  curves ,  
increases  P( 
77 = a t o  7 = 4-will a l so  increase the curve P(Rmax > y c  ) by the same 
factor. 
a, and shows the relationship 
), t o  the low-pass filter of the band- ass fi l ter  curve,  P(Rma,! 
P( ]I] > for r7 = m, 100, 16,  4, and 1. If going f rom T = a to  7 = 4 
> y 6  ) by some factor, we will assume that going f rom 
The validity of this assumption i s  not known. 
abilities P(R > y< ) and P(Rmax > 6) will increase with decreasing 
V ,  so  that the correction factor is in  the right direction. In using this c o r -  
rection procedure, however, one must be aware that what is obtained is 
only a n  estimate of the exact solution. 
It is evident that the pro- 
As an  example, let us estimate the probability that a maximum of the noise 
envelope will go above six t imes the rms noise current  level, assuming that 
the average number of electrons leaving the photocathode in a t ime 7 = 1/B 
i s  16. F r o m  Fi 2-5, P(RmaX > 6d&) = for V = a. F r o m  F i g .  2 -6 ,  
the ra t io  of P( I If'> 6 f i ) q  = to P( 111 > 6&)T=16 is 55. Therefore,  our 
estimate is 
This procedure was repeated to obtain curves of P(Rmax > y& ) for  
V = 1, 4, 16 ,  100, and a, and these c u r v e s a r e  plotted in Fig. 2-7. 
(2 .33)  
If the threshold of the receiver is 
ground electrons (from background light and dark  current  combined) is 
V g ,  i . e . ,  i f  
, and the average number of back- 
$ '  0 = 2e(;TB)By (2.34) 
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F i g .  2-7 .  Estimated noise in a band-pass filter. 
then the appropriate curve in Fig.  2-7 gives the probability that one of the 
maxima of the background noise cur ren t  envelope will be above the threshold. 
Since, f rom Eq. ( 2 . 2 6 ) ,  the number of such maxima occurring each second 
is 0.6411 B, the average number of maxima per second above threshold is 
( 2 . 3 5 )  
Multiplying Eq. ( 2 . 3 5 )  by the acquisition t ime,  TA, thus gives the average 
number of false acquisitions per acquisition period, denoted Z I .  
It is a l so  necessary to  know Z ' l ,  the number of t imes per  acquisition period 
that the signal is missed when it is actually there .  When the signal is present,  
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the average number of electrons is qs t VB, and the signal current  is, as- 
suming 100 percent modulation, 
(2 36) e Signal Current = - rls cos ut. 
The number of t imes that the envelope of the signal current  drops below 
(e/7)qs - y l ' d p  is assumed to  be approximate1 one-half the number of 
t imes the noise current  envelope goes above y" d-& . The quantity @oll 
i s  the mean square noise current  when both the signal and the noise a r e  
present, or 
(2 .37 )  
The signal i s  seen only once during the acquisition period, and the t ime for  
which i t  is seen is T*/N" where N is the total number of beam positions to  
be scanned during acquisition. I f  the signal drops below threshold during 
this t ime,  the target will be assumed to be missed. The average number 
of t imes per acquisition period that the target will be missed is therefore 
The equation for the average number of false acquisition per acquisition 
period, from Eq. (2.35), is 
(2.39) 
where @; and $1 a r e  given by Eqs. (2.34) and (2.37). 
For  optimum performance, the two e r r o r  ra tes  Z '  and Z" should be the 
same when y a a n d  (e/r)Qs - y"dK correspond to  the same amplitude, 
the threshold amplitude. 
multane ous ly a r e 
Thus, the two conditions which must be met si- 
:: This  i s  t rue  only f o r  a r a s t e r  scan with no overlap. 
f o r  dwell t imes with other scan modes. 
See Section 2.2 
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( 2 . 4 1 )  
where Z is the total  number of e r r o r s  per acquisition period and RT is the 
threshold amplitude. Equation ( 2 . 4 0 )  yields the requirement that 
and Eq. ( 2 . 4 1 )  implies that 
( 2 . 4 3 )  
If specific values a r e  given to  the quantities N ,  q s ,  qB, B, and TA a number 
for Z can be obtained by using the curves in F ig .  2-7  and Eqs. ( 2 . 3 9 , '  ( 2 . 4 2 ) '  
and ( 2 . 4 3 ) .  The method, however, is extremely laborious. 
to  find Z a re  a s  follows: 
The steps taken 
1. Substitute vs and q~ into Eq. ( 2 . 4 3 )  and put it into the form 
y1  + ay" = b. ( 2  0 44) 
2. Identify the curves in Fig.  2 - 7  that correspond t o  r] '  = TB and 
q" = q S  + qg. 
that satisfy Eq. ( 2 . 4 3 )  and give probabilities that satisfy Eq. ( 2 . 4 2 ) .  
By trial and e r r o r ,  find values of y' and y" 
3.  Substitute the values f o r  y '  and P(Rmax > y m )  found in s tep 2 into 
Eq. ( 2 . 3 9 )  to find Z' .  
4. Multiply Z '  by 2 and get Z. 
Instead of specifying qs and QB, the signal-to-noise ra t io  (SNR) and VB may 
be given. 
as follows: 
The relationships between the two se ts  of quantities a r e  developed 
The mean square signal current  is 
2 - 1 e 2  7 2 
- z T2 77s ' (Signal Current  ) 
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(2  0 45)  
and the mean square noise current  is 
- 2 
Therefore ,  the signal-to-noise ra t io  is 
- Ps(  1 1;) 
1 +- 
If the SNR and 7g a r e  given, qs  can be found with the formula 
qs  = 2 S N R  
( 2 . 4 6 )  
(2 .47)  
(2.48) 
Sample curves of the number of e r r o r s  per acquisition period versus  
signal-to-noise ratio ( Z  versus SNR) for severa l  values of constant q~ a r e  
plotted in  Fig.  2-8. 
aaa i i i i i ed  t o  be 100. 
quantity is independent of B and TA. 
simply multiplying by BTA. 
The number of beam positions in the search  pattern is 
~ ~ c t ~ ~ ~ ~ y  Z/BTA - -  is plotted on the ordinate because this 
The t rue e r r o r  ra te  can be found by 
For  an  example of the use of the curves in Fig.  2-8, let us consider a system 
with a no-overlap r a s t e r  scan acquisition mode. 
beam position is TA/N.  Assume that the bandwidth is twice as large as it 
has to  be 
The dwell t ime on each 
(as was done in the sample calculations in Section 2.5) so  that 
BTA = ( e ) T A  = 2N . 
Thus, the e r r o r  rate can 
in F i g .  2-8 by 200 (since 
(2.49)  
be found b y  multiplying the ordinates of the curves 
N = 100 for the curves).  
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Fig. 2-8. E r r o r  r a t e  versus  signal to  noise ratio. 
If the expected background rate  amounts t o  16  electrons per  1 / B  t ime interval,  
and a n  e r ro r  ra te  of l e s s  than one e r r o r  per 10,000 acquisition periods 
( Z  = 
greater  than 26, o r  - 14 dB. is desired,  then the required signal-to-noise ra t io  is found to  be 
The curves in Fig.  2-8 show that a s  the number of background electrons de- 
c reases ,  the required signal-to-noise r a t io  for a given e r r o r  ra te  a l so  
decreases .  This seems to contradict the idea tha t  noise would be more  
bothersome when small  numbers of e lectrons a r e  present.  However, one 
must remember that when the number of background electrons becomes small, 
the predominant source of noise i s  the quantum noise in the signal itself. 
The low background noise allows the threshold to  be se t  low, thus decreasing 
the probability that when the signal a r r i v e s ,  it will d rop  below threshold. 
Indeed, i f  there a r e  no background electrons,  then the optinum threshold is 
the response caused by one electron. In this  case ,  a n  e r r o r  r a t e  of 
be obtained with a signal-to-noise ratio of only 3.5 dB, because the only way 
an e r r o r  can occur i s  i f  no signal e lectrons a r r ive .  
can 
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Thus, as the ratio of background noise to noise-with-signal decreases ,  the 
e r r o r  ra te  for a given signal-to-noise ratio will decrease whether the number 
of electrons involved is large or small. 
background to signal noise is maintained, the e r r o r  ra te  increases  as the 
number of electrons decreases .  
than they would have been i f  the noise were considered t o  be Gaussian. 
However, if a constant ratio of 
The curves in Fig.  2-8 a r e  therefore higher 
When the curves in Fig.  2-8 a r e  used, it is well t o  keep in mind the ap- 
proximations and assumptions made in obtaining them. 
below 
These a r e  summarized 
ASSUMPTIONS AND APPROXIMATIONS LEADING TO 
CURVES IN FIG. 2-8 
1. The curves in Fig. 2-7  a r e  only approximations which were obtained 
by assuming that decreasing the number of electrons increases  the 
noise distribution in a band-pass fi l ter  by the same ratio as in a 
low-pass filter. 
2. It is assumed that the receiver output amplifier has the frequency 
characterist ic of an ideal band-pass filter. 
3.  It is assumed that the threshold is se t  at its optimum value for each 
point on the curves. 
4. The number of t imes that the envelope of the signal current  drops 
below threshold is assumed to be one-half the number of t imes the 
envelope of the noise current  goes above the difference between the 
threshold level and the average signal level. 
5. It is assumed that the lowest e r r o r  ra te  occurs when Z '  = Z". 
6.  It is assumed that the signal is modulated 100 percent. 
2 .6  EFFECTS OF ATMOSPHERE 
The use of a narrow laser  beam in an optical acquisition system having 
It is known that the beam suffers angular deflections in a 
a fast scan search pattern i s  complicated by the effects of the atmosphere 
on the beam. 
random fashion, with peak deflections depending on the path and the condition, 
but which can exceed 10-20 seconds of a r c .  
intensity var ies  randomly, sometimes falling to  l e s s  than one-tenth of its 
average level. The effect of these intensity variations on acquisition was 
investigated, and the resul ts  a r e  summarized below. In particular, the 
following information was obtained: 
It is  a l so  known that the beam 
1. The probability, P(1 < (1 - 5 )  Io), that the signal will be forced below 
a certain threshold, where the threshold is defined as a fraction 
(1 - 5 )  of the average signal level, Io. 
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2. The average length of t ime, 74, spent below a threshold (1 - ()Io 
on a single crossing. 
Figure 2-9 shows the appearance of a possible post-detection oscillogram 
of the return signal when the laser  is continuously pointing a t  the target.  
re turn signal cur ren t  is given by the equation" 
The 
I = I + I  o noise 
( 2 .  50) 
I 
1 I 
t 
Fig. 2-9.  Atmospheric noise on return signal. 
If this s igna l  were passed through a perfect, l -c /s-wide band-pass filter 
whose center frequency could be varied from 0 - 100 c / s ,  the r m s  noise 
current  amplitude could be determined for selected frequencies. Lf these 
amplitudes a r e  divided by Io, a graph of normalized noise amplitude, 
m(f)  versus  frequency, f can be drawn, where 
(2.51) 
r m s  current  amplitude in a 1 -c / s  band around f 
m(f) = T 
Statistical information about the noise cur ren t  can be obtained by representing 
the sum of the contributions of all frequencies in the form 
where fk = kAf. 
to  each frequency. 
t o  be 
The phases,  (p (f ) a r e  assigned randomly and independently 
The mean-square amplitude of the noise cur ren t  is found k 
* An identification modulation has  a frequency S O  high as to  not be seen on 
this os c illog ram. 
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L L  
= 2' Io m (fk) A f .  noise k=l (2.53) 
Later in the analysis,  A f is allowed to go to  zero  and N is allowed t o  go to 
infinity in such a way that the product NAf remains constant. 
square noise cur ren t  then becomes 
The mean 
= m2 (f )  df = $ . 
noise 0 0 
I2 
0 
(2.54) 
Equations (2.52) - (2.54) and the derivation below a r e  based on the work of 
S .  0. Rice. 1 Results obtained in his  papers a r e  freely quoted here .  When 
an equation is taken directly f rom his work, the page number f rom Vol. 24 
of the Bell System Technical Journal is given in parenthesis next t o  the 
equation. 
Rice chooses to  specify the frequency spectrum of the noise in t e r m s  of 
power instead of r m s  amplitude. 
spectrum, I1w(f)", instead of "m(f)". 
Thus, his expressions contain a power 
The two a r e  related by 
2 2 
w(f) = m (f)  Io (2.55) 
Using the representation in Eq. (2.52), the mean square noise current  is 
found to  be 
noise w(f) df = $o = I2 (2.56) 
(page 47) 
where "M" is the normalized r m s  total noise amplitude. 
The probability density function for Inoise is 
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p(1)dI is the probability of finding the current  between I and I t dI at any 
particular time selected at random. This is a normal  distribution identical 
to Eq. (2 .24)  for  high-current shot noise. 
The average ra te  at which noise current  c ros ses  z e r o  is given by the ex- 
pected number of zeros  per second: 
- 
N = 2  
0 
(2.58) 
The expected number of t imes per second hat the noise current  c ros ses  the 
value "I" with positive slope is given by NIt ,  where 
1 N t =  -% e [ 1 1 2  the expected number of zeros  per second I (2.59) 
We will now apply these results t o  our problem. 
current  IO, which is a mean value for  statist ical  variations of the type des -  
cribed in Eqs. (2.52) through (2.59). We would like t o  know the probability 
of finding the current  below some fraction of Io. 
5 such that the threshold current* is 
We have a n  average dc 
Let us define a fraction 
Threshold Current  = (1 - [)Io (2. 60) 
Clearly, the probability of finding the total cur ren t  below (1 - [)I, is one- 
h a l f  the probability that the noise current  will exceed (Io. 
probability will be denoted P(I < (1 - [)Io), where the capital P suggests a 
cumulative probability instead of a probability density. 
and Eq. (2.57): 
The f o r m e r  
F r o m  this definition 
K (- I2 ) dI (2. 61)  
:: This "threshold current"  is not related in  any way to  the threshold levels 
discussed in Section 2.5. 
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P( I<  (1 -{)I ) = 0.5 - 0.5 erf = 0.5 - 0.5 erf 
0 
Up to this point, the form of the frequency spectrum of the noise has not 
entered into the results.  
noise spectrum with a total r m s  amplitude equal t o  M. 
plotted in  Fig. 2-10 as a function of M for several  threshold levels. 
Thds, Eqs. (2.56) through (2.62)  a r e  valid for any 
P(I < (1 - [)Io) is 
0.0001 
THRESHOLD LEVELS:  
I I I 
0.2 0.4 0.6 0.8 1.0 M 
RMS AMPLITUDE OF TOTAL ATMOPHERIC NOISE (normalized) 
0 
Fig .  2-10. Probability of signal being forced below threshold by atmospheric noise. 
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T o  obtain 7 5 ,  the average length of t ime spent below a threshold (1 - ()Io 
on a single crossing, we note that 
Average t ime per second spent below (1 - 010 7, = (2.63) ' Average number of one-way crossings of the 
level (1 - <)I per second 
0 
The numerator of the right hand side of Eq. (2. 63) is just P(1 < (1 - <)Io) 
and the denominator is ( 1 / 2 )  N t I t  Therefore,  
0 
( 2 .  64) 
The quantity NOT[ is plotted in F i g .  2 - 1 1  as  a function of M for severa l  
threshold levels 
Numerical estimates of 7r: i tself  cannot be-,,obtained without evaluat ingno,  
the expected number of zeros  per second..'. As shown in Eq. (2.581, No 
is dependent on the exact fo rm of the frequency spectrum of the noise, m(f).  
Experiments have shown" 
upon the particular t ransmission path, atmospheric conditions, transmitter 
beam size and beamwidth, and receiver  s ize  that a "typical" curve 1s im-  
possible to choose unless a particular sys tem and site a r e  specified. One 
valid generalization, however, is  that most of the noise power i s  contained 
in frequencies below 100 c / s .  In the range 100 to  1000 c / s ,  the r m s  noise 
amplitude drops off rapidly, and above 1000 c / s  it is negligible. 
generalizations imply that go would be on the order  of 100  o r  less .  
i t  should not go above 500 crossings per  second. 
b 
that the exact form oi this curve i s  S O  dependent 
These 
Certainly 
~~ 
.t, 
-8 -  When In0ise c rosses  zero,  Isignal c r o s s e s  the average current ,  1 0 0  
2 .  J. F. Spalding and K. Tomiyasu, "Laser  Beam Propagation in the Atmos- 
phere,  I '  Proceedings of the F i r s t  Conference on Laser  Technology (Office 
of Naval Research,  Boston 1963). Volume 11. 
3. R. Paulson, E. Ellis ,  and N. Ginsburg, "Atmospheric Optical Noise 
Measurements, " Final Report on Contract A F  19(604)-3908, August 15, 
1962. 
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M 
R M S  AMPLITUDE OF TOTAL ATMOSPHERIC NOISE (normalized) 
Time spent below threshold on a single crossing. Fig. 2-11. 
F r o m  Fig. 2-11  the smallest  values of COT 
e r r o r  (from Fig. 2-10) a l so  becomes negligible. Therefore,  using the 
minimum value of ROT 
that will normally be encountered 
are around 0.3. When E076 becomes smal  f e r  than this, the probability of 
mum expected value o d 75 is (0.3), and the maximum value of Ro (500), the mini- 
(2.65) 
This is  a worst  case analysis; norma,*y 75 wil be greater  than this,  How- 
ever ,  it i l lustrates  the point that since the target  is only seen for about 70 ps 
(using numbers f rom the examples in Section 2.5), the signal will probably 
be below threshold for the f u l l  70 ps i f  it is below at the beginning. 
The above analysis a l so  shows that atmospheric effects cannot cause the 
average signal level to change appreciably during a 70 ps period. 
2.7 COMBINED EFFECTS OF ATMOSPHERIC AND SHOT NOISE 
Because the atmosphere does not change the signal level appreciably 
during a t ime of 70 p s ,  the curves in F ig .  2-10 give the probability that 
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I 
when the receiver is looking a t  the target ,  the average power (number of 
electrons,  q s )  arriving from the target will be below a fraction (1 - 5 )  of its 
mean value, 
multiplier is relatively constant, the curves in Fig. 2-10  a l so  give the 
probability that the SNR will be below some fraction of i ts  mean value. 
SNR is then related to  the expected e r r o r  ra te  by the curves in F ig .  2-8. 
Therefore,  i f  the number of background electrons in the photo- 
The 
If the SNR is evaluated using Io, the average signal current ,  and an  e r r o r  
ra te ,  Z ,  found from Fig. 2-8,  then the atmospheric noise will cause the 
actual e r r o r  ra te  to be higher than Z half of the t ime and lower than Z half 
of the t i m e .  However, the l o w e ~ i  that the e r r o r  ra te  could go is ( 1 / 2 )  Z 
(see Eq. (2.40), whereas i t  could go much higher than 2 2 .  
fining SNR in t e r m s  of Io does not appear t o  be an  optimum choice. 
A better choice would probably be to define SNR in t e r m s  of ( 1 / 2 )  IO or  
(1/4)  Io. 
ra te  does not go above that given in F i g .  2-8. 
the safety factor i s  obviously a function of M. 
Therefore ,  de-  
This, in effect, introduces a safety factor to a s su re  that the e r r o r  
The optimum magnitude for 
Fur ther  work is necessary on this problem before a t rue  optimization pro-  
cedure can be outlined. 
used t o  determine the order  of magnitude of e r r o r  ra tes .  
as a basis  for further efforts. 
However, the investigation reported here  can be 
It will a l so  serve  
3 .  EXPERIMENTAL SYSTEM 
A bench test  model of a one-dimensional, open-loop laser  acquisition 
and tracking system was built, and one-degree-of-freedom experiments 
were performed to evaluate developmental beam deflecting devices. 
block diagram of the bench tes t  model is  given in Fig. 2-12 ,  and photographs 
of the system a r e  shown in Figs. 2-13 and 2-14. 
constructed with a silicon photodiode detector,  but because problems in the 
signal-to-noise ratio developed, i t  was la ter  modified to  use a photomultiplier. 
A 
The receiver  was originally 
The initial experiments employed an  electro-optic refractor  of the f i r s t  
kind. Shortly after the program began, however, GT&E Laboratories con- 
centrate.d their effort on the more  promising shear-plate m i r r o r  type. 
one of the f i r s t  shear-plate models, the bench tes t  model was set  up and 
experimental techniques were developed. 
begun with two deflectors, identified a s  I'SPM-4" and "SPM-4B. I '  These 
experiments continued to  the end of the program, and the resul ts  of the 
measurements a r e  summarized in this section.under two main headings: 
"Deflection Character is t ics ' '  and "Compensation for  Hysteresis .  ' I  
Using 
Precis ion experiments were then 
DC deflection voltages f rom 0 to 
Model 15-6-1A HV power supply. 
4. 
10 kV were  supplied by a Del Electronics 
AC deflection voltages f rom 0 to 7000 V 
V. J. Fowler, "Investigation of Electro-Optic Techniques for  Controlling 
the Direction of a Laser  Beam, I '  Fina l  Report f o r  Contract NASW-731, 
August 1964, 
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Fig. 2-12. Block diagram of bench t e s t  model. 
peak t o  peak were obtained by driving a combination of modula-ion t r ans -  
fo rmers  having a 5 to 1 step-up ratio with a 70-watt audio amplifier. 
age breakdown in the t ransformers  forced the operation to  be lip-ited to  
4-5 kV peak-to-peak la te r  in the program, but these voltages were sufficient 
to perform all of the necessary experiments. 
Volt- 
3.1 DEFLECTION CHARACTERISTICS 
The deflection characterist ics of SPM-4 and SPM-4B were measured 
using the bench tes t  model and a corner reflector located 950 feet  distant. 
A sinusoidal voltage was applied to one of the deflectors and a signal pro- 
portional to  this voltage w a s  used to drive the horizontal sweep of an 
oscilloscope. The return signal from the corner  reflector was applied to  the 
ver t ical  input of the oscilloscope. 
s is ted of a horizontal line with a pair of peaks, where hysteresis  in the beam 
A presentation then appeared which con- 
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deflector caused two peaks to  appear instead of one. 
position of the peaks corresponded roughly to  the relative angular position 
of the corner reflector in  the sweep of the laser  beam. 
the horizontal scale of the oscilloscope screen,  the average voltage r ep re -  
senting this angular position could be computed directly. 
The average la te ra l  
After calibrating 
If the horizontal sweep is driven with a signal directly proportional to  the 
deflection instead of the voltage, only one peak will appear in the oscillo- 
scope presentation instead of two. The apparent angular position in this 
case  is directly proportional t o  the displacement of the peak. 
The corner reflector was mounted on a long board in such a way that it could 
be moved in the plane of the scanning beam in increments as smal l  as 3 / 8  
inch. At a distance of 950 feet, this increment corresponds to  6.78 seconds 
of a rc .  By physically moving the corner  reflector a know amount and ob- 
serving the changing position of the peaks on the oscilloscope screen ,  the 
sensitivity of the beam deflectors when driven by an a c  voltage was de te r -  
mined. 
Once this sensitivity was known, the corner  reflector was left stationary 
and the dc deflection character is t ics  of one beam deflector were  obtained 
using the ac character is t ics  of the other as a reference.  This was ac -  
complished by arranging the two deflectors in tandem s o  that they both 
PTlCA L QUA LlTY 
Fig .  2-13.  Bench tes t  model of acquisition and tracking system. 
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Fig. 2-14.  Close-up of t ransmit ter .  
deflected the l a se r  beam in the same plane. 
f lector  and ze ro  voltage on the other, an  oscilloscope presentation was 
obtained which had. a. peak in  the canter of the sweep. When a dc voltage 
was applied to  the other deflector, it moved the center of the l a se r  beam 
sweep with respect to  the stationary corner  reflector. Since this is equiva- 
lent t o  moving the corner  reflector with the center of the sweep held 
stationary,  the dc deflection could be computed from the observed displace- 
ment of the peak (in volts) and the known a c  deflection sensitivity. 
With an  ac  voltage on one de- 
3 . 1 . 1  DC Deflection Characteristics 
The dc deflection characterist ics of SPM-4  and SPM-4B cannot be 
reported in a single graph, because a substantial amount of hysteresis is 
present  in  them. 
behavior: 
no remanent deflection initially, and (2 )  One or more hysteresis  loops which 
roughly describe the nature of future deflection as a function of past deflection 
history,  i. e . ,  as a function of the location in the deflection - voltage plane. 
Two o r  more graphs a r e  necessary to describe the 
( 1 )  The deflection versus voltage curve of a deflector which had 
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, 
Figure 2-25 shows the initial deflection curves of SPM-4 and SPM-4B.  
condition of initial zero  rernanent deflection was met by f i r s t  subjecting 
the deflectors to  a large amplitude sinusoidal voltage (at a frequency of 
1 k c / s )  and then decreasing the amplitude slowly to  zero.  
two hysteresis loops for SPM-4BY representing maximum applied voltages 
of 2800 and 1000 volts. 
a r e  therefore not shown. 
The 
Figure 2-16  gives 
The hysteresis  loops of S P M - 4  a r e  s imi la r ,  and 
The hysteresis loops demonstrate that, for example, i f  maximum voltages 
in  the range of 1 3000 volts a r e  used, then a t  any single voltage, deflections 
differing by as much as 0.7 minute of a r c  can be expected. 
minimum attainable beamwidth for  the deflectors, this would represent  a 
difference of about two beamwidths. 
In term-s of the 
SPM- 4 
DC DEFLECTION VOLTAGE 
(Starting with zero remanent deflection) 
Fig. 2-15. Initial dc deflection curves.  
3 .1 .2  AC Deflection Character is t ics  
When a beam deflector is driven by a sinusoidal voltage, a plot of 
deflection versus  voltage t r a c e s  out a hys te res i s  loop similar to  the Ones 
shown in Fig. 2-16. 
have two peaks i f  the horizontal sweep is driven by the beam deflector 
voltage. 
It is for  this reason that a n  oscilloscope display will 
Using the calibration constant of the horizontal  sweep input, the 
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4 -8  
Fig.  2-16. DC hysteresis loops for SPM-4B. 
average voltage producing any deflection can be found from the average d is -  
placement of the peaks f rom the center of the sweep. 
Single curves  of deflection versus this average voltage were obtained for  
severa l  lrequencies a-n-d amplitudes in the range 700 to  1600 c / s ,  and they 
were  found t o  be virtually identical. 
In the neighborhood of 1700 to 2000 c / s ,  several  s t ructural  resonances 
existed, and these prevented the accumulation of consistent data above 
1600 c / s .  
A typical example is S ~ G W C  in F i g ,  2-17. 
Using the same data run represented by Fig. 2-17, a plot of the square of 
the peak separation versus  the square of the angular position is given in 
Fig. 2-18. 
really only a pure phase shift,  this curve would be a straight line. 
the deviation of the actual cruve f r o i n  the straight line shown indicates the 
extent of t rue  hysteresis in the a c  response of the deflector. 
the extent to  which the hysteresis can be compensated with a pure phase- 
shifting network. 
The derivation in Appendix A shows that i f  the hysteresis  were  
Thus, 
It a lso shows 
If the horizontal sweep is driven by a signal proportional to the deflection 
(instead of voltage), only one peakappears ,  and the displacement of that 
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Fig. 2-17. AC deflection character is t ics  of a shear  plate model beam de- 
flector. 
peak is  directly proportional to  the angular position. 
a signal which is  proportional to the deflection is  extremely important in 
acquisition and tracking applications. 
reference for measuring dc character is t ics .  
is discussed further in the following section. 
The ability to der ive 
It was a l so  useful for providing a 
Compensation for the hysteresis  
3 . 2  COMPENSATION FOR HYSTERESIS 
The curve in F i g .  2-18 suggests that a simple phase-shifting network 
is not sufficient to compensate for  the hysteresis .  (Compensation fo r  hys- 
te res i s  means causing the two peaks t o  be coincident at all points a c r o s s  the 
scan. ) This was confirmed by experiments which showed that occasionally 
a phase shifter could compensate (especially with lower scan amplitudes), 
but that, in general, the compensation was unsatisfactory. The ability to  
compensate appeared to be dependent on the purity of the applied sinusoidal 
waveform, but further experiments with a phase shifter were  discontinued 
when a better approach was found, 
The better approach w a s  that of sampling the voltage f r o m  a c r o s s  a capacitor 
in se r ies  with the beam deflector. 
in F i g .  2 - 1 9 .  
The e lec t r ica l  c i rcui t  used is  shown 
'The large r e s i s to r s  in paral le l  with the beam deflector and 
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Fig. 2-18. Hysteresis effects in a shear plate model beam deflector. 
- OUTPUT I S  A SIGNAL 
PROPORTIONAL TO THE 
DEFLECTION. SAMPLING 
IS DONE WITH A IO M 
O.02pF COMPENSATED PROBE. 
I O M Q  Lb - 
F i g .  2-19. Electrical  connections for s e r i e s  -capacitor deflection monitor. 
6 3  
the se r i e s  capacitor were found t o  be necessary to cancel out smal l  phase 
shifts from an  undetermined origin. Tes ts  were performt?d with this method 
of monitoring the deflection t o  determine how well it could compensate for 
hysteresis  as  a function of the harmonic distortion of the applied waveforms. 
These tes ts  a r e  described below. 
The beam deflector was excited with sinusoidal waveforms of varying a m -  
plitude in the frequency range 700 to  2000 c / s .  
beam deflector allowed simulated movement of the corner  reflector in the 
plane of the sinusoidal sweep. 
separation of the peaks in the oscilloscope display could be checked at any 
position in the sweep; 
capacitor occupying the entire horizontal scale,  separations down to 0.5 
percent of the peak t o  peak deflection could be measured. 
DC voltages on a second 
Thus, by adjusting this dc voltage, the 
With thc horizontal sweep voltage f rom the se r i e s  
The harmonic contents of waveforms which allowed compensation to better 
than 0.5 percent ac ross  the entire sweep were  measured at frequencies 
ac ross  the range noted above. Similarly, the content of waveforms for 
which compensation could not be accomplished was measured. 
measurements consisted of determining the relative amplitude of the fir st 
nine harmonics with a General Radio low-frequency wave analyzer. 
relative power in a given harmonic is obtained by squaring the relative a m -  
plitude, and the total power in  all the harmonics is obtained by adding the 
relative powers of each. Unless otherwise stated, the relative power will 
be used for discussion, even though the amplitude was actually measured. 
These 
The 
The ability of the se r i e s  capacitor monitor t o  compensate for  hysteresis  
was found to  be a function of harmonic distortion only in general  sense,  
i. e . ,  i f  the waveform becomes grossly distorted,  compensation is not pos- . 
sible; i f  the waveform has low harmonic distortion, compensation is usually 
possible 
However, the condition of low harmonic distortion is not sufficient to  a s s u r e  
that compensation can be accomplished. 
structure were found to  be more  important in determining the ability to 
compensate. 
cussed below. 
Resonances in  the beam deflector 
Quantitative results leading to  the above conclusions a r e  dis - 
F o r  waveforms with peak-to-peak amplitudes of 0 to  8000 volts and with 
0.1-0.2 percent total power in  the harmonics,  compensation t o  better than 
0 .5  percent across  the entire sweep was found t o  be possible throughout 
most of the 0.7 to 2 kc /s  frequency range. When the total  power in the 
harmonics was increased t o  1 to  2 percent, the peaks in the oscilloscope 
display were  generally separated at the ends of the sweep by about 2 to  3 
percent of the peak-to-peak scan amplitude. In contrast  to this general  
behavior, the data taken a t  two nearby frequencies,  1380 and 1400 c / s ,  
i l lustrate the large effect of s t ruc ture  resonances.  Both waveforms had 
peak-to-peak amplitudes of about 8000 Volts, and both had a total harmonic 
power content of 0.15 percent. However, Compensation was successful  a t  
1-100 c / s  to about 0 .5  percent, whereas  at 1380 c / s ,  the peaks were se -  
parrnted b y  3 percent of the peak-to-peak Scan amplitude; i. e . ,  a t  the center  
of the sweep the peaks coincided, but at the ends, they were  separated by 
0.04 x 8000 = 320 volts. 
resonance at 1380 c / s .  
This behavior is evidently caused by a s t ructural  
Similar behavior was noted in the neighborhood of several  s t ructural  r e -  
sonances between 1800 and 2000 c / s .  
Thus, i f  s t ructural  resonances a r e  avoided, the se r i e s  capacitor monitor 
can compensate for beam deflector hysteresis  as described above, provided 
that the total power in the harmonics i s  l e s s  than 0.1 t o  0.2 percent of that 
in the fundamental. This is not a very stringent requirement for waveform 
purity, as a wave having second and third harmonics with relative amplitudes 
of 2.5 percent would easily be satisfactory. 
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APPENDIX A 
To analyze the effect of a pure phase delay between the voltage 
applied to a beam deflector and the observed angular deflection, let us 
consider that the applied voltage has  the form 
v = vo cos ut. 
If the deflection is a l so  sinusoidal with a phase delay of U T ,  the angular 
deflection is given by 
where 
8, = K (radians/volt) 
VO 
(A- 3 )  
Suppose the corner  reflector i s  located in the plane of the scan and at  an 
angle 8~ f r o m  the center of the scan. Then, when 8 = OR, a signal is 
received and a peak appears  on the oscilloscope display. 
the reflector two times in  each cycle, at t imes t i  and t2. 
The beam crosses  
eR = 8, sin w ( t 1  - 7 )  = 8, sin o ( t 2 - 7 )  (A-4)  
At these two t imes,  the beam deflector voltages (horizontal displacement 
on the oscilloscope screen)  a r e  
VtI  = Vo sin o t i ,  Vt2 = Vo sin w t2 (A-5)  
The angular position of the corner  reflector is measured f rom the oscillo- 
scope display b y  finding the average displacement of the two peaks in volts 
and multiplying by K from Eq. (A-3) ,  
- -  ( s i n  (r: t i  t sin o t 2 )  (A-6 )  
2 measured 
and the angular separation of the peaks i s  
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(A-7) S = K (Vt - Vt2) = 8 ,  (s in  w tf  - sin w t2) . 1 
The quantities S and (@R)measured can be expressed in t e r m s  of the 
phase delay, 07. 
Equation (A-4)  implies that the following two equations hold: 
TT w(t3  -7) 1 - - cp 
2 
TT 
(t2 - 7) = - t cp. 
2 
Subtracting (A-8) f rom (A-9) and dividing by two gives 
w 
2 
cp = - ( t2  - ti).  
I Thus, Eq. (A-4) becomes 
e, = eo sin o(tl - T )  = 8 sin ( - -cp)  TT = eo cos cp 
0 2 
If Eqs. (A-8) and (A-9) a r e  added, we find that 
U ( t l t t 2 )  - 2 w 7  = TT 
OT 
~ 
Using trigonometric identities, Eqs. (A-6) and (A-7) can be written 
w w 
2 2 
8, sin - ( t i  t t 2 )  cos - (ti - t2) ,  
and 
- 00 (8R) - - sin w t l t  sin o t2 = 
measured 2 
(A- 10) 
(A-34) 
(A-12) 
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s = eo ( s i n  w t 1  - s i n  w t 2 )  = 
w w 
2 2 90 
s in  - ( t i  - t 2 )  COS - ( t i  t t2 )  
But  by using Eqs. (A-10) and (A-11), it is  s e e n  tha t  
0 8, 
2 80 
cos  - (t* - t2) = - 
2 
w s in  - ( t l  - 
2 t2 )  
0 Tf 
2 2 
s in  - ( t i t  t2)  = s in  (- t W T )  = c o s  W T  
w Tr 
cos - ( t i +  t2 )  = cos  ( - + U T )  = -sin UT 
2 2 
Thus ,  Eqs. (A-12) and (A-13) can  be r educed  to 
(A-1 3) 
(A-14) 
(A-1 5) 
(A- 16)  
Equat ion (A-14) shows that  the double p e a k s  caused  by a phase  de l ay  in the 
b e a m  deflector  r e s p o n s e  can  r e s u l t  i n  e r r o r s  i n  the m e a s u r e m e n t  of angu la r  
posit ion.  
Equat ion (A-16) p r e d i c t s  t h a t ,  f o r  a p u r e  phase sh i f t ,  the  s q u a r e  of the  
separa t ion  of the peaks  is  a l i n e a r  func t ion  of the s q u a r e  of the angu la r  
posit ion of the  t a r g e t .  
@ mus t  in te rcept  the e& a x i s  at 6& = 6; The s lope  of the  g r a p h  i s  a 
continuously va r i ab le  function of the p h a s e  delay.  
In s u m m a r y ,  2. graph  of S2 v e r s u s  e' 
R 
F u r t h e r m o r e ,  a s t r a i g h t  l i ne  g r a p h  of S 2  v e r s u s  
vx,i11 have t h e  following c h a r a c t e r i s t i c s :  
9; N - 1 !It t' 1's. . , pt 
3 1 J i J L  - 4  s i l l L  L-T, 
1 
